Influence of fatigue and dietary manipulation strategies on skilled tennis hitting performance by Pollyanna R. McCarthy (7238156)
 
 
 
This item is held in Loughborough University’s Institutional Repository 
(https://dspace.lboro.ac.uk/) and was harvested from the British Library’s 
EThOS service (http://www.ethos.bl.uk/). It is made available under the 
following Creative Commons Licence conditions. 
 
 
 
 
 
For the full text of this licence, please go to: 
http://creativecommons.org/licenses/by-nc-nd/2.5/ 
 
INFLUENCE OF FATIGUE AND 
DIETARY MANIPULATION STRATEGIES 
ON SKILLED TENNIS HITTING PERFORMANCE 
by 
Pollyanna Rebecca McCarthy 
A Doctoral Thesis 
Submitted in partial fulfilment of the requirements 
for the award of Doctor of Philosophy of the 
Loughborough University 
February 1997 
© by P. R. McCarthy (1997) 
ABSTRACT 
The game of tennis is a typical multiple sprint sport with the characteristics of short 
term high intensity exercise interspersed with periods of lighter activity or rest. 
Research into the physiological, metabolic and skilled responses in this activity are 
scarce, mainly due to the lack of control and simulation. This thesis describes a series 
of studies, consisting of the development of a baseline skill test which could be used to 
assess the influence of fatigue and dietary manipulations upon skilled tennis 
performance. 
The aim of the first study (Chapter 4) was to develop a baseline skill test, which, could 
be used to investigate the effects of fatigue induced by maximal tennis hitting upon 
skilled tennis performance. Eighteen elite tennis players performed a groundstroke and 
service skill test before (skill test 1) and after (skill test 2) an intermittent maximal 
hitting performance test of 4 min maximal hitting bouts against a ball machine, with 40s 
seated recovery, repeated to exhaustion. Mean time to exhaustion was 35.4 ± 4.6 min. 
Mean hitting accuracy decreased from the start of the performance test versus three- 
quarters way through (P<0.01) and at exhaustion (P<0.01). Mean blood lactate and 
blood glucose concentrations increased significantly over time in the performance test 
(P<O. Ol). Cross court backhand accuracy (P<0.07) and service to the right court 
accuracy (P<0.05) declined from skill test 1, to skill test 2 respectively. The skill tests 
(1 and 2) successfully simulated the metabolic, and cardiovascular demands usually 
exhibited during normal matchplay. Fatigue from maximal tennis hitting resulted in a 
decline in skill in the performance test and between skill tests 1 and 2. 
The principal aim of the second study (Chapter 5) was to utilise a similar performance 
test and the same skill tests (1 and 2), developed and used in Study 1 respectively, to 
determine the influence of a high carbohydrate diet on the ability to perform skill tests 
(1 and 2), a tennis specific sprint test (Fan drill) and the performance test following a 
22 hour recovery period. Twelve elite tennis players were randomly assigned to a 
control group (n=6) and a carbohydrate group (n=6). During recovery, the habitual 
carbohydrate intake of the carbohydrate group was increased to l0g. kg-'BM. An 
isocaloric diet was prescribed to the control group, providing additional energy in the 
form of fat and protein. A similar protocol to study 1 was utilised except in trial 1 the 
performance test was stopped alter 78 min 40s and in trial 2a cut off time was 
implemented at 120 min 40s. Hitting intensity was set at 80%HRmax ±5b. min-1. 
Playing times in trial 2 did not differ between the carbohydrate and control groups. 
Both groups performed for a longer period of 116 min 40s (carbohydrate) and 120 min 
40s (control) versus 78 min 40s in trial I respectively (P<0.01). Differences were 
detected at bout 2 between the carbohydrate and control groups, in the mean changes in 
performance test consistency from trial 1 to trial 2 respectively. Service to the right 
court accuracy, declined over the 22-h recovery period in the control group as opposed 
to being maintained in the carbohydrate group. Both groups sprinted faster in the Fan 
drill in trial 2 versus trial 1 (P<0.01). No differences were observed between trials in 
blood glucose and blood lactate concentrations between the carbohydrate and control 
groups. Thus, both a high carbohydrate diet and an isocaloric diet restored endurance 
capacity within 22-h. The carbohydrate group however performed better than the 
control group in hitting consistency during the performance test and in service to the 
right court accuracy performance, following a 22-h recovery. 
The third study (Chapter 6), investigated the influence of ingesting 3m1. kg-IBM of 
either a 6.9% carbohydrate-electrolyte beverage or a flavoured water placebo, upon 
endurance capacity and tennis hitting performance, following a simulated tennis match. 
Ten elite tennis players performed a service game, consisting of repeated sets of a 4s 
service followed by an 8s groundstroke hit followed by a 20s recovery, for the duration 
of 3 min 16s. A long recovery period of 1 min 30s proceeded. A simulated receiving 
game was subsequently performed, consisting of repeated sets of a lOs groundstroke 
hit, followed by a 20s recovery period for the duration of 3 min lOs, followed 
immediately by a short recovery period of 30s. The set of service game + long 
recovery period + receiving game + short recovery period, was continued for a period 
of 92 min 46s (Part A). A performance test consisting of continuous hitting to 
exhaustion (Part B) was performed immediately following Part A. Grip strength and 
endurance were measured by a grip dynamometer pre-part A, pre-Part B and post-Part 
B. Mean times to exhaustion of 22.4 ± 8.2 min and 18.5 ± 4.8 min in the carbohydrate 
and placebo conditions did not differ respectively. Hitting accuracy (%) declined in the 
placebo condition from the start of the performance test to half way through and at 
exhaustion (P<f. 05), whereas hitting accuracy was maintained throughout the 
performance test in the carbohydrate condition. No differences were found in grip 
strength / endurance between the carbohydrate and placebo conditions. A decline in 
whole group grip strength and an increase in whole group fatigue index was observed 
(independent of condition). Blood glucose concentration in the carbohydrate trial was 
maintained above that in the placebo trial, throughout simulated matchplay. Thus, the 
ingestion of a carbohydrate-electrolyte beverage during simulated matchplay had a 
positive influence upon tennis hitting accuracy and blood glucose concentration during 
the performance test post-matchplay, whereas the ingestion of a placebo did not result 
in the same performance and metabolic advantages. 
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GLOSSARY OF TERMS 
The following are a series of working definitions referred to in this thesis: 
Peripheral Fatigue A collective term to describe fatigue in muscle, i. e. an 
inability to generate force. 
Central Fatigue A collective term to describe the metabolic changes in 
the brain which lead to a wide range of physiological 
consequences operating through the central nervous 
system (CNS). 
Gastric emptying rate Regulates the rate at which ingested foods and fluids 
are delivered to the small intestine and the extent to 
which they are modified by gastric secretions. 
Endurance Capacity Time take to reach exhaustion at a constant work load 
or speed. 
Endurance Performance Time taken to complete a predetermined task. 
Glycaemic Index The extent to which blood glucose is elevated above 
basal levels following the ingestion of 50g of 
carbohydrate. 
Consistency The number of balls landing within the singles court 
and within an imaginary extension of the centre line, 
(for each respective side measured). 
Accuracy The number of balls that hit the target (for each 
respective side measured). 
Out The number of balls landing in the net or any other area 
than that outlined in 'consistency' and 'accuracy' above. 
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CHAPTER 1 
INTRODUCTION 
'When we have match'd our rackets to these balls 
We will... play a set. ' 
SHAKESPEARE, Henry V., Act i. sc. 2 
Tennis is an ancient game originally thought to be known as 'Jett de Paume' ('game of 
the hand') and originated in France during the thirteenth century. The game was 
played in a cloister on an hourglass shaped court with a spherical ball (Heathcote et 
al. 1987). Towards the end of the sixteenth century, the game of tennis spread to 
England. In 1874, Major Walter Clopton Wingfield developed a new game called 
'Sphiaristike', meaning 'play' in Greek. In 1876, a new rectangular court was 
introduced and the game of 'Tennis' evolved. 
Tennis engages two players in the game of singles or four players in the game of 
doubles. The fundamental concept of play in tennis, is to strike the ball with the 
racket from one's own area of play over the net and into the opponent's area of play. 
The player's goal is to exert pressure upon one's opponent thus encouraging them to 
lose points, whilst retaining points oneself in order to win, game, set and match 
(Schönborn, 1984). Points are awarded to a player on the failure of his opponent to 
reach a ball hit to him, or to return a ball to the player's area of play. Numerous rallies 
will result however in order to reach this situation and gain a single point. 
In 1963 at Wimbledon, during a Davis Cup match on Number One Court, a Swedish 
player called Lundqvist, was so aware of the high physical demands that the game of 
tennis placed upon a player, that when faced with returning his opponents service, he 
walked away without any attempt at its return, in order to save his energy for the 
execution of his own service game! It becomes apparent therefore, that even 33 years 
ago, players were placed under significant physical and mental pressures when 
playing on a hard and frequently repetitive circuit. 
The game of tennis involves vigorous movements of both the upper and lower body 
musculature during intermittent bouts of high intensity activity, interspersed with 
periods of lighter activity or rest. Tennis is unique and has evolved from a sport 
which stresses technique and skill, requiring a high degree of gross and fine motor 
skills, to one that demands aerobic and anaerobic capacity, muscular strength, 
endurance and power, reaction time and speed, agility, dynamic balance, coordination 
and flexibility (Groppel and Roetert, 1992). 
It is desirable to use 'elite', as opposed to 'novice' tennis players when measuring 
tennis skill. For obvious reasons, the small population, of 'elite' skilled tennis players 
are more finely tuned to the skilled demands of the game. The availability of 'elite' 
tennis players for tennis testing tends to decline as the testing becomes more invasive. 
Thus, although obtaining muscle and venous blood samples, for example, may 
provide a more in depth profile of the physiological demands of tennis matchplay, the 
concomitant effect would be to i) unnerve and cause discomfort to the players, 
possibly altering stroke production, ii) lead to a reduction in the participation of 'elite' 
players and iii) resort to using less skilled players, which would affect the assessment 
of tennis skills. 
Tennis matches can last anything from 1-5 hours, throughout this time period players 
need to be able to maintain technique and concentration, coupled with the ability to 
react and move rapidly around the court. The primary causes of fatigue in an activity 
of this time period are suggested to be the decline of the body's carbohydrate reserves 
(Gollnick et al. 1974). The seasonal demands of the tournament schedule also require 
players to be engaged in competition and or training six days a week (Reilly et al. 
1990). 
Fatigue is however multifocal, with both peripheral and central components (Davis, 
1995a, 1995b; Edwards, 1983; Green, 1990; Hultman et al. 1990b; Newsholme et al. 
1992; Wurtman and Lewis, 1991). Fatigue has been reported to result in a decline in 
reaction time, accuracy and motor performance (Aldermann, 1965; Fleury and Bard, 
1990; Herbert and Wrisberg, 1976; Hoffman et al. 1992; Ivoilov et at. 1981; Salmela 
and Ndoye, 1986; Wrisberg and Herbert, 1976). 
Technical and tactical performance in tennis has also been reported to be negatively 
influenced by dehydration (Burke and Ekblom, 1982; Dawson et al. 1985), acidosis 
elicited from high blood lactate levels (Liesen, 1983) and a reduction in carbohydrate 
(CHO) availability throughout matchplay (Burke and Ekblom, 1982; Ferrauti et al. 
1992; Ferrauti et al. 1995; Keul et al. 1995; Mitchell et al. 1992; Vergauwen et al. 
1996). 
Dual aims of rehydration and supplementation of the body's carbohydrate stores, can 
be achieved through drinking carbohydrate-electrolyte (CHO-E) beverages during 
exercise. Several studies have noticed the henefits of carbohydrate supplementation, 
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both during and following intermittent and continuous exercise (Coyle et al. 1983; 
Coyle et al. 1986; Davis et al. 1986; Kirkendall et al. 1988; Mitchell et al. 1989b; 
Murray et al. 1991; Bangsbo et al. 1992; Bacharach et al. 1994; Balmer et al. 1995; 
Febbraio et al. 1995; Nicholas et at 1995). However relatively few studies have been 
conducted specifically on the influence of dietary manipulations on performance in a 
skilled activity such as tennis (Vergauwen et al. 1996). 
The aim of the studies conducted within this thesis, was to develop a baseline 
protocol which could be utilised in assessing the physiological, metabolic and skilled 
responses to fatigue from maximal tennis hitting and further to investigate the 
relationship between CHO ingestion and fatigue when playing tennis. 
This thesis is presented in seven main chapters: 
Chapter 2: Review of literature, deals with the most applicable literature on tennis 
skill, metabolism, nutrition and physiology, focusing further upon the factors 
associated with fatigue. The availability of ingested carbohydrates, both during 
exercise, and recovery from exercise and their influence upon endurance capacity and 
performance are also examined. 
Chapter 3: General Methods, describes the evolution of the tennis tests, the overall 
testing procedures and equipment utilised throughout the execution of the 
experimental tests. The blood collection and analysis techniques are also explained. 
Chapter 4: First study, principal aim was to develop a baseline protocol which could 
be utilised in assessing the effects of fatigue, induced from maximal tennis hitting, 
upon skilled performance. 
Chapter 5: Second study, purpose was to examine the effect of a high CHO diet on 
the ability to perform a set of tennis skill tests, a tennis specific sprint test and a 
hitting performance test following a 22 hour recovery period. 
Chapter 6: Final study, principle aim was to examine the influence of a CHO-E 
beverage, on endurance capacity and tennis hitting performance following a simulated 
tennis match. 
Chapter 7: Summarises and discusses the main findings of all studies. 
3 
CHAPTER 2 
REVIEW OF LITERATURE 
2.1 INTRODUCTION 
This chapter draws together some of the findings from research on tennis, in order to 
provide a base of knowledge regarding tennis skilled performance, fatigue and 
nutritional intervention strategies. 
This review of literature is composed of ten main sections. The first section (section 
2.2) examines the pertinent literature on the physiology of tennis. Section 2.3 deals 
with tennis skill and factors affecting skill and performance. Central and peripheral 
fatigue and their effects on performance are reviewed in section 2.4 with section 2.5 
concerned with blood glucose concentration and its relationship with concentration 
and skilled motor performance. Sections 2.6,2.7 and 2.8 examine the regulation of 
carbohydrate metabolism, the utilisation of blood glucose and muscle glycogen 
depletion during exercise, respectively. Carbohydrate supplementation and fluid 
ingestion/dehydration are dealt with in sections 2.9 and 2.10 respectively. Section 
2.11 reviews the literature on the recovery from intermittent and continuous exercise 
and the influence of nutritional intervention on the recovery process. 
4 
2.2 PHYSIOLOGY OF TENNIS 
The game of tennis requires general endurance, with the ability to perform short 
bursts of high intensity exercise interspersed with periods of lighter activity or rest for 
a prolonged period of time. It is not unusual for a match to last anything from 1-5 
hours (Bergeron et al. 1991; Millard-Stafford, 1992). 
This sport is composed of many varied movements with repeated accelerations, 
deceleration's, turns and jumps, with tasks involving both the upper and lower body 
(Jakeman et al. 1994). The use of the upper body in tennis may bring about 
completely different energy demands and fluid tolerances to those of other exercise 
protocols (Mitchell et al. 1992). A high heart rate response has been attributed to the 
inclusion of whole body movements with subjects heart rates not differing during 
matchplay, despite the different fitness levels of players (Therminarias et al. 1991) 
Tennis utilises both the aerobic and anaerobic energy systems with the predominance 
of the phosphocreatine (PCr) breakdown and anaerobic glycogen breakdown, for the 
supply of energy (Bergeron et al. 1991; Elliot et al. 1985; Fox et al. 1989; Groppel 
and Roetert, 1992; Hohmann et al. 1995; Seliger et al. 1973). The match length 
utilised in the study of Seliger et al. (1973) was however of insufficient duration (10 
min) to be able to accurately describe the energy systems used. Furthermore the study 
of Bergeron et al. (1991) did not record the match statistics throughout the game and 
thus quantification of time in and out of play was impossible (Richers, 1995). 
The periods of low intensity and the short recovery between games (-30s) and points 
(-20s) and at changeovers (-1 min 30s), provides an ideal opportunity for the 
oxidation and/or removal of the by-products of metabolism and for the replenishment 
of PCr and myoglobin stores (Bergeron et al. 1991). 
Statistical analyses of matchplay, intensity of play, and metabolic responses to tennis 
matchplay have been summarised in Tables 2.1,2.2 and 2.3 respectively. 
5 
0 
od 
N ri tý 
.ý 
L 
N r 
id 
CC I 
i: r n O 
_ 
Q +I 
E ý p 
QL 
` 
+1 
CCM 
C y 
Cß 
4 . 
-- 
M 
ý, N M 
N C r C 
r. y +I + -+ +J +I +I 
,^ c\ x ýr 
+I oc C ^t 
ý` Fy N N-- N ^- 
r 
VVA 
ý(i' M GC ýG OC 
+I +l +1 +I +I + c 
I +I N rCv I 
CC C-- 
+I 
\C - C 
CC 
v C oo x '. x 
CC 
ý RS cr, 
IU 
c C Cý j ' y, `, j T 
- C") o0 Sac x 
^x L Cý c ry J 
V 
E'er vý - N M 7 v; C r CC ° r- ý' 
6 
cu 1., 
aý 
0 
cý 
Cl 
E 
CC 
F 
E 
c 
oc 
e- 
Cý 
r +1 
(If-; oc 
I. C \C 
oc N 
N 
c 
c 
oc N 
7J> JI 
f ýI 
+I+1+1 +1 
M[-M-1 
ocl-- oc r 
ýt lc- I- kr" 
+I +I +I +I 
CNx 
x r- x r- 
oc 
cr, 
oc r. ý. Oý N ooc 
OC DC 
j cU n _ _ 
7 
+I 
N 
00 
V_ý 
oc 
Z., Z 
C)c 
i 
a c 
C 
C 
ýi 
0 
ýý 
ýý 
z 
N +I +I 
x 
x 
C 
cn 
<C 
J 
GYM H ý/ 
x 
+I 
N 
x 
+1 
x 
oc 
U 
ci 
c C 
c 
x 
E 
aU E 
ö°' 
rA Ü 
CSS 
ýC 
O ýI 
ýýý, 
Iv 
4 -^ 
r. d 
0 
it 
0 
IT 
Ki 
N 
CC '' 
F vý 
c. 
Uc 
, -. rý, 
a 
,., 
C 
a 
C 
C 
C. L`.. 
OO 
+1 +I 
't C^ 
G 
N 
r-, 
+1 +1 
oc 
+I 
Cl 
oc 
C 
f 
E 
cu r- g c` w 
-CD -Z, ý -14 oG Cy ý 
ýe- xi CQ 77ý 
v 
N 
--- N 
. -. r. +-' 
.. o cý. a. 
ýý 
ýe- 
[- M 
CN 
CID - 
+I 
+I N 
s_ c_ 
C 
NM 
ýf 
ýy 
+1 
Cj 
p 
+1 +1 
on 
c c2.1 
ýs v, ýn c 
oc N 
x 
E C 
o 
J 
'ý 
.ý 
J 
oc -ýcý :,, 3 c, = C" 
8 
Therminarias et al. (1991) investigated the hormonal and metabolic changes occurring 
during a strenuous tennis match of 2 hours. Increases were reported, in plasma 
glucose (5.1 - 6.1 mmol. 1-1), free fatty acids (FFA) (0.1 - 0.9 mmol. 1-1), urea (4.6 - 5.5 
mmol. 1-1) and creatinine concentration (72.2 - 87.8 mmol. l-1) respectively. A small 
change of 1.4 - 1.8 mmol. l-1, was noted in plasma lactate. Noradrenaline 
concentration was enhanced at end of the match. 
The indication of an increased contribution of fat towards matchplay was also 
supported by Christmass et al. (1993) and Ferrauti et al. (1992). An increased blood 
glucose concentration was observed as matchplay progressed, this may have been due 
to the catecholamine stimulation of hepatic glycogenolysis, due to the high exercise 
intensity. This increase may, according to the authors, indicate a greater contribution 
of fat via lipolysis as play progressed. 
The low levels of blood lactate reported in both tennis and squash (Keul, 1973; 
Kindermann and Keul 1977; Noakes et al. 1982; Schönborn, 1986; Therminarias et al. 
1991) seem to be of an insufficient quantity to explain the fatigue experienced in 
matches. These low levels may however be a reflection of the sampling 
methods/protocols utilised, as more recent studies by Christmass et al. (1993) and 
Bergeron et al. (1991) have sampled during matchplay itself as opposed to pre- and 
post- matchplay and have shown higher lactate levels in the blood (Table 2.3). 
Urhausen et al. (1988) reported blood lactate concentrations to be 3-7 mmol. 1-1 during 
a test involved in hitting a ball from a ball serving machine. At the higher blood 
lactate concentrations, hitting accuracy was negatively correlated with blood lactate 
concentration. 
Speed of movement in tennis 
There are no tennis strokes which are not influenced by footwork and speed around 
the court (Bornemann et al. 1988). Furthermore, the state of play in tennis is 
constantly changing, requiring high degrees of agility, flexibility, coordination and 
fast varied footwork (Bornemann et al. 1988). A court sprint may encompass a 
maximum distance of 14 metres, with the majority of sprints being between 2.5 and 6 
metres (Bornemann et al. 1988). Take off power and speed are of utmost importance 
when sprinting in tennis. A ball moving at 50m. s-1 would travel the court's length in 
less than 0.5s. Therefore, man's reaction time of - 200 ms may be inadequate to trace 
the ball's path from the opponent's racket and take appropriate action (Reilly et al. 
1990). Agility speed runs or fan drills are used frequently by tennis players. because 
they simulate commonly used patterns of movement on a tennis court, thus providing 
a more sports specific appraisal of a player's speed of movement (Pyke et al. 1974). 
9 
The most effective drills are those which are performed on the tennis court (Goffi 
and McEnroe, 1984). 
Grip strength in tennis 
Mean forces on the grip in tennis, have been reported as being 45% and 60% of 
maximum grip force, in the forehand and backhand at impact respectively (Nwuga, 
1975). Impact with the ball on the racket has been reported to apply forces of 12.7 - 
25.4 kg, 8.2-21.8 kg and 12.6-31.7 kg in the groundstrokes, volleys and service 
respectively (Schönborn, 1994). These forces are mostly sustained and repeated 
outputs, placing enormous stresses on the players forearms in both elasticity and 
exertive endurance areas (Nwuga, 1975; Schönborn, 1994). 
The velocity and power imparted on the ball is thought to be dependent (Hatze, 1976) 
and independent of grip strength (Watanabe et al. 1979). However the effectiveness 
of strokes relying on off centre impacts is highly related to a firm grip (Elliot, 1982). 
Both the strength of grip imparted on the racket and the endurance of the gripping 
muscles are of great importance in tennis players in order to stabilise the racket at 
impact point and prevent injury and fatigue during practice and matchplay (Behm, 
1988; Kibler and Chandler, 1989). Although grip strength may provide an objective 
index of the functional integrity of the upper extremity, Kibler and Chandler (1989) 
and Elliot (1982) state that in order to fully understand the action of the muscles used 
to grip the racket in tennis, it is essential that both grip strength and grip endurance 
are measured (see 2.4.1). 
2.3 TENNIS SKILL 
'The forehand and backhand groundstrokes and the service form the 
cornerstone in tennis stroke production'. (Elliott and Christmass, 1995) 
Success in the game of tennis relies upon the appropriate application of technique to 
specific tactical situations. The game of tennis is a game of inches, a ball hit out by an 
inch is a point lost. Most tennis experts agree that tennis success is determined by 
one's ability to keep the ball in play (consistency) and to hit accurate shots (Sailes, 
1989). The concept of accuracy has been thought of as the ability to keep the ball in 
the court and to direct the ball deep in the court and varied to the corners of the court 
(Thomas, 1982). The service should be placed in the corners with depth or to the last 
3-6 feet of the court (Thomas, 1982). More than 75% of all points scored in a match 
are due to errors (Groppel, 1984). Nevertheless. 30-35% of the points won at 
championship level tennis were reported to he attributed to accurate placements of the 
ball (Hensley and Norton, 1980). Consistency, has been described as hitting the ball 
back time and time again without error, without any specific regard to its length or 
placement (Jones, 197 1). A player capable of producing a very accurate shot might be 
highly inconsistent, whilst a player producing high levels of consistency might lack 
'pin point' accuracy. A difficult situation may be produced for any racket player who 
fails to execute a stroke with accuracy, consistency and depth (Knapp, 1963). 
The area to which the player is aiming should be clearly designated. The key to 
aiming successfully is to aim for an area and not for a line. The effect of the colour of 
the target was investigated by Shick (1975). Subjects (n=39) threw a softball towards 
red, yellow, green, blue, black and white 20 foot square targets, from a distance of 25 
feet (10 trials). Although yellow and white were perceived to be more visible, colour 
had no influence on the accuracy of the throw at this distance. Furthermore Sailes 
(1989) investigated three different types of target and their influence upon 
groundstroke hitting accuracy. Players achieved greater accuracy of hitting when no 
targets were present (aim at designated court areas) or when a target was placed at the 
net as opposed to targets placed in the rear two corners of the court. 
2.3.1 THE CONSTRUCTION OF TENNIS SKILL TESTS 
The validity, reliability and objectivity of tennis tests are essential. Variables such as 
environment and daily performance variation may affect the performance of a subject. 
For a tennis test to be specific, the environment, movement patterns and work to rest 
ratios must be similar to actual game play (Macdougal et al. 1991). The majority of 
tennis skill tests to date have employed methods which do not fulfil the above criteria 
(Purcell, 1981), thus the scores obtained do not reflect a players match performance 
(Avery et al. 1979). Skill tests have been developed to determine tennis playing 
ability in the groundstrokes (Beall, 1928; Burke and Ekblom, 1982; Digennaro, 1969; 
Greene, 1976; Purcell, 1981; Wagner, 1935) and the service (Caraugh, 1990a; 
Caraugh et al. 1990b; Dawson et al. 1985; Digennaro. 1969; Greene, 1976; Hewitt, 
1966). Various shortcomings are often incurred even though most of these tests are 
reliable and valid. For example, ball drop studies are unrealistic; not only is the 
tester's freedom to perform other duties such as scoring restricted, but the ball pitch 
consistency to the subject is also affected (Broer and Miller, 1950; Purcell, 1981). 
Wall tests are easy to administer but can lead to considerable error, with skilled 
players being able to generate higher scores with unorthodox hitting and the skill of 
hitting for depth often obscured. 
2.3.2 FACTORS AFFECTING SKILL AND PERFORMANCE 
Warm up 
Advanced tennis players hit towards a rectangular rubber mat target, bound by the 
service line, centre line and two additional lines (3 foot from the service line and 2 
foot from the centre line) respectively (Anshel and Wrisberg, 1993). Following 20 
initial performance trials, rest and a warm up activity and four final performance 
trials, a temporary decrement in service occurred. The best warm up was shown to be 
the one which simulated the conditions of the criterion movement as closely as 
possible. 
Playing environment 
The cardiovascular and metabolic strain elicited by the playing environment was 
shown to lead to a decrement in tennis skill (Dawson, et al. 1985). Players ran 
intermittently on a treadmill in a climate chamber (35°C 65% RH) at intervals 
simulated from match analysis. Tennis skill, measured pre- and post- trial, declined 
by 19.2%, 26.3% and 14.2% in the service, groundstrokes and volleys respectively. 
No such decline in skill was observed in the controlled on court environment of 
21.5°C when performing the same work to rest ratios. A mere 1.3% decrease in body 
mass was observed in the controlled environment as opposed to a decrease of 2.4% in 
the climatic chamber. Thus the cardiovascular and metabolic strain elicited from 
tennis related exercise in a climatic chamber had a negative influence upon 
subsequent tennis skill as opposed to the controlled environment. This may have been 
associated with the higher levels of dehydration in the former as opposed to the latter 
condition. 
Speed and accuracy 
Caraugh et al. (1990b) investigated the influence of serving velocity on the accuracy 
of serves hit towards circular targets, (30.5 cm diameter radiating out x 10,30.5 cm 
apart), placed at the junction of the centre and service lines. Subjects hit 10 serves at 
intensities of 50,60,70,80 and 90% of maximum service speed, towards the targets. 
Accuracy was not affected by velocity (Caraugh et al. 1990b; Siegal, 1994) and the 
most accurate serves were performed at maximum speed. The spin imparted on the 
ball allows players to play for power without losing control. Furthermore faster 
swings of the racket decreased timing errors. 
In contrast to the above study where a closed skill was observed, Siegal (1994) 
investigated the influence of velocity on the timing accuracy of an open skill. 
Subjects performed a forehand tennis stroke at varying velocities in differing ranges 
I', 
of motion. Subjects were not however hitting a tennis ball at impact and aiming for a 
target, as in the study of Caraugh et al. (1990) but were attempting to pass the racket 
head through a beam of light coincidental to the appearance of a series of lights, 
appearing to move down a ramp. Nevertheless, the main findings of Siegal (1994) 
were consistent with those of Caraugh et al (1990) in that the accuracy of the 
movement improved, as the velocity of movement increased. However Siegal (1994) 
found that the subjects who were restrained to a pre-set maximal stroke velocity (± 
8%), as opposed to those who were free to choose the stroke velocity, achieved 
similar levels of maximal accuracy. 
Thus when studying an open skill where the motor skill is performed in an 
unpredictable and changing environment maximum accuracy may be obtained either 
through maximal velocity of movement or through altering the velocity of movement 
appropriately to cater for the change in environment. This aspect was not revealed in 
a closed skill whereby the movement patterns may be planned in advance and where 
the environmental setting is largely predictable. Such a differentiation between the 
above two studies may not only be due to the different types of skill analysed. Two 
different methods were used to measure accuracy, one post- impact and one at the 
point of impact. Furthermore in the former study, spin imparted on the ball may have 
allowed maximal velocity to be applied whilst maintaining accuracy. Thus the effect 
of maximal velocity on maximal accuracy is dependent upon the protocol utilised and 
the type of skill measured. 
Blood lactate 
The level of metabolic acidosis reflected by peak blood lactate concentrations of 7-8 
mmol. 1-1 was reported to result in a deficit in technical and tactical functions, even at 
the top level, in tennis and handball (Liesen, 1983). A loss of control and a decline in 
skilled movement was also observed by Green (1979) in ice hockey players with 
similar levels of blood lactate to the above. It was suggested that the superimposition 
of upper onto lower body exercise may have caused a decline in leg blood flow, with 
increased anaerobic glycolysis and lactate production leading to premature fatigue. At 
the end of a soccer match, peak blood lactate values of 12-15 mmol. 1-1 were reported 
(Ekblom, 1986). Prior to playing, players were able to conduct a mean of 64 (20-112) 
kicks foot-to-foot as opposed to a mere mean of 3 (2-4) kicks foot-to-foot at the end 
of play (Ekblom, 1986). This decline in precision was thought to be attributed to the 
high blood lactate concentrations. Unfortunately the blood sampling site was not 
mentioned in the above studies, making it difficult to compare results. 
13 
Circadian variation 
Circadian rhythms are variations which recur every 24 hours (Atkinson and Reilly, 
1996). Gastric emptying rates for meals administered at 2000 hours were over 50% 
slower than those administered at 0800 hours (Goo et al. 1987). Furthermore, 
isometric grip strength peaks between 1400 and 1900 hours with an amplitude of 6% 
of the 24 hours mean and muscle strength (independent of the muscle group measured 
or speed of contraction) was reported to consistently peak in the early evening 
(Atkinson and Reilly, 1996). 
2.4 FATIGUE 
It is of importance here to distinguish between the concepts of perceived exertion and 
fatigue. There is an assumed dominance of physiological factors on the rate of 
perceived exertion (RPE), however when it is applied in field conditions it may be 
that the psychological factors also become of great significance (Watt and Grove, 
1993). Perceived exertion fairly accurately reflects the work intensity and at higher 
intensities may exhibit the same factors as fatigue, but at lower intensities the RPE 
may be representative (Watt and Grove, 1993). 
The causes of fatigue during muscular exercise include both peripheral (inadequate 
force development resulting from a breakdown in the excitation-contraction process 
within the muscle) and central mechanisms (inadequate activation of the muscle by 
the central nervous system (CNS). Furthermore, during prolonged exercise (60-65% 
V02 max) hypoglycaemia could be the cause of fatigue by affecting the CNS 
(Christensen et al. 1939). However, cycling exercise at 60-65% V02 max to 
exhaustion can be performed despite the presence of hypoglycaemia (Felig et al. 
1982). 
Central Fatigue 
Central causes of fatigue are the focus of several recent reviews (Davis, 1995a; Davis, 
1995b; Newsholme et al. 1992; Wurtman and Lewis, 1991). Increasing evidence 
suggests that a rise in brain serotonin (5-HT) can lead to central fatigue and a 
subsequent deterioration in performance in man. In response to an increased delivery 
of blood-borne tryptophan (an amino acid precursor to 5-HT to the brain), brain 5-HT 
synthesis occurs. 
In the plasma, a free (f-tryp) and an albumin bound fraction of tryptophan (tryp) 
exists. Free fatty acids and plasma tryp compete for binding sites on albumin and thus 
an increase in FFA leads to an increase in f-tryp. F-tryp and branched chain amino 
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acids (BCAA) (leucine, isoleucine and valine) share the carrier for large neutral 
amino acids (LNAA) at the blood brain barrier, thus competition for entry occurs. An 
increase in 5-HT synthesis will occur when the ratio of f-tryp to BCAA in the total 
plasma concentration increases (Struder et al. 1996). This is most likely to occur 
during prolonged exercise, as the oxidation of BCAA is more prolific and an increase 
in plasma FFA causes a simultaneous increase in f-tryp, due to the displacement of 
tryp from the albumin binding sites. Elevated blood ammonia levels have also been 
linked to changes in transport activities across the blood brain barrier, enhancing the 
uptake of LNAA into the brain for the exchange of glutamine. The most important 
sources of ammonia are from the deamination of adenosine mono-phosphate (AMP) 
to inosine-monophosphate (IMP) during exercise (Struder et al. 1996). 
Davis (1995a) states that through the ingestion of drugs which increased the levels of 
5-HT, times to exhaustion were significantly decreased, thus showing a direct 
relationship between 5-HT and fatigue. 
Studies involving the effect of nutrition upon central fatigue hypothesis have not been 
extensively documented. A theoretical possibility exists that central fatigue could be 
delayed by nutritional strategies, which alter the f-tryp: BCAA ratio. Two strategies 
have been put forward that involve supplementation with carbohydrates and/or 
BCAA throughout exercise. Both methods of nutritional manipulation would in 
theory decrease the ratio of f-tryp: BCAA thus resulting in a decreased availability of 
f-tryp to the brain for the synthesis of 5-HT. 
The ingestion of BCAA has been investigated in a field study by Blomstrand et al. 
(1991), whereby an experimental group was administered a mixture of the three 
BCAA in a 5% CHO solution. The control group consumed a placebo (5% CHO 
solution) at the same time points of five (cross country) and four (marathon) times 
during a race. The total BCAA intake was between 7.5 to 21g. Mental performance 
was measured by the Stroop Colour and Word test. Mental performance improved 
pre- to post- race in the experimental trial as opposed to no change in the placebo 
trial. Running performance improved in the slower runners but not in the faster 
runners in the experimental trial. It may be that although experienced runners were 
used, the slower runners exhibited a learning effect. Although mental and physical 
performance was shown to improve, the methods used to assess physical performance 
were questionable. Time ratios were used at set distances, which may have purely 
reflected the runners pacing themselves. Furthermore the subjects were not matched 
in performance prior to the trials, thus making comparisons between groups of limited 
use. 
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The supplementation of BCAA in well controlled laboratory experiments has not 
shown such performance improvements. Gastmann et al. (1996) observed the effects 
of supplementing 300ml of either 1) table water with saccharine, 2) table water with 
15g saccarose (SAC) and 3) SAC with 2x78 (0,60 min) BCAA at 0,30,60 and 90 
min in a weekly randomised order. Subjects performed a 2-h cycle test at 65-75% 
individual 4 mmol. 1-1 lactate performance. No significant differences were observed 
between the three conditions in psychometric performance nor in attenuating central 
or muscular fatigue when conducting an electromyographical analysis. 
It would seem that the problems associated with BCAA supplementation far outweigh 
the benefits. In order to produce significant performance benefits from BCAA 
supplementation, administration is required in large amounts, such that plasma 
ammonia levels have been observed to increase and negatively affect muscle 
metabolism (Wagenmakers et al. 1991). Furthermore, the administration of BCAA 
during exercise are likely to cause gastrointestinal disturbances due to their 
retardation of water absorption across the gut (Davis, 1995b). 
A second and possibly more appropriate strategy to counteract central fatigue is 
through the ingestion of carbohydrate. Carbohydrate supplementation reduces plasma 
FFA concentration, thus the ratio of f-tryp to BCAA is thought also to be reduced, 
causing a decrease in 5-HT synthesis due to the decreased entry of f-tryp into the 
brain (Davis, 1995a; Davis, 1995b). It is well known that carbohydrate 
supplementation attenuates peripheral fatigue in prolonged exercise (refer to sections 
2.5 and 2.9). It is thought that more f-tryp becomes bound to albumin due to the 
freeing of binding sites from the known suppressive effects of carbohydrate upon 
FFA mobilisation (Ahlborg and Felig, 1976). 
The benefits of carbohydrate supplementation attenuating central fatigue was shown 
by Davis et al. (1992) whereby subjects drank either a water placebo or a 12% CHO- 
E drink (Sml. kg l. h 1) during prolonged cycling at 70% V02 max. to exhaustion. In 
direct proportions to plasma FFA, plasma f-tryp increased approximately seven fold. 
During exercise BCAA and total tryp hardly changed. Through the ingestion of both 
the CHO-E beverages fatigue was delayed by 1 hour and the quantity of f-tryp 
decreased considerably. Problems exist however in differentiating the beneficial 
effects of carbohydrate ingestion upon peripheral, as opposed to central fatigue. 
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Struder et al. (1995a, 1995b) studied amino acid metabolism in a4 hour tennis match 
of which playing time was 39.3 ± 2.3 min (n=8). Tennis play caused a 13% decline in 
blood glucose concentration and BCAA's (valine, isoleucine, leucine) decreased 
significantly (29%). This decline in BCAA (independent of extreme blood glucose 
depletion and ammonia accumulation) would suggest their involvement in muscle 
metabolism, as the liver uptake of these is insignificant. Free fatty acids were 
increased (13%), resulting in an 84% increase in f-tryp. This combination of an 
increase in FFA and a decrease in BCAA resulted in an increase in f-tryp: BCAA thus 
favouring the entry of f-tryp into the brain. Thus alterations in the competition of 
amino acids at the blood brain barrier favour the entry of f-tryp into the brain during 
tennis matches of this duration and may therefore contribute to fatigue. This has been 
reiterated by Blomstrand et al. (1991) who reported mental and physical performance 
to be affected by levels of BCAA and f-tryp. Thus in tennis the ingestion of 
carbohydrate throughout the match should attenuate the breakdown of proteins and 
the onset of central fatigue (Keul et al. 1995). 
Peripheral fatigue 
Fatigue was defined by Edwards (1983) as a 'failure to maintain the required output. ' 
A further definition was 'a decline in force generation' (Hultman et al. 1990b). Fatigue 
is a complex process within intermittent sports as they encompass a wide variety of 
both sprint and endurance activities. Peripheral fatigue has been stated to occur at 
three possible sites: the neuromuscular junction and muscle cell membrane 
(excitation) (Asmussen, 1934), the calcium release mechanism (activation) (Merton, 
1954) and the sliding filaments (contractile processes) (Asmussen, 1934). Attention 
has focused upon metabolic by-products as potential inhibitors of the excitation- 
contraction process e. g. a feedback inhibition of the metabolic pathways in adenosine 
triphosphate (ATP) regeneration or by inhibition of the excitation-contraction 
mechanism directly. These metabolites include adenosine diphosphate (ADP), AMP, 
IMP, inorganic phosphate (Pi), hydrogen ions (H+), ammonia (NH32+), or any of the 
glycolytic intermediates (Boobis et al. 1983; Green, 1990). Further potential 
inhibition includes the depletion of various metabolites, especially ATP, PCr and 
muscle glycogen (Boobis et al. 1983). The latter has been discussed in section 2.8. 
It is well known that during heavy exercise lactate is produced and accumulates in the 
muscle and blood (Gollnick et al. 1990). Hydrogen ion concentration increases in 
response to the accumulation of lactic acid from anaerobic glycolysis, which occurs 
predominantly in the type II (fast twitch) fibres (Newsholme, 1979; Sahlin. 1986a; 
Sahlin, 1992). Hydrogen ions may impair muscle performance due to their effect on 
glycolysis or on the contractile mechanism itself (Asmussen, 1934). At a pH of 6.5, 
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the activity of the key control enzyme, phosphofructokinase (PFK) is almost 
completely inhibited (Danforth, 1965). Acidosis has the effect of decreasing the 
conversion of PHOS h to a, thus the maximum level of PHOS a declines (Danforth, 
1965). 
Decreased force generation can occur due to competition for sites for cross bridge 
formation between calcium and hydrogen ions. Furthermore calcium release by the 
sarcoplasmic reticulum (SR) has been known to decrease at a lower pH (Nakamura, 
1970). Spriet et al. (1989) reported a decline in muscle glycogenolysis and total work 
output, when subjects performed maximal intermittent exercise involving three bouts 
of 30s maximal cycling with 4 min rest periods. In bout 3, both total work output and 
glycogenolysis were only 32% of that in bout 2, PCr and ATP declined equally 
throughout, with an 86% replenishment of PCr after a4 min recovery. Muscle H+ 
increased by 41% (bout 2), and recovered during recovery (16% above base levels) 
and further increased during bout 3 by 40%. Possible mechanisms were the inhibitory 
effects of H+ upon glycogen phosphorylase activity resulting in a slower rate of 
PHOS b to a transformation and a decrease in calcium activation in type II fibres. 
During bout 3, an increased reliance upon type I (slow twitch) fibres and oxidative 
metabolism was observed. 
Harris and Hultman (1977) reported a negative correlation between muscle pH and 
the creatine kinase reaction. Increased hydrogen ions can also increase the 
degradation of PCr (Maclaren et al. 1989). A decrease in intracellular pH affects PCr 
concentration through displacing the creatine kinase equilibrium towards degradation 
of PCr (Harris and Hultman, 1977). 
Decreasing force generation can be caused primarily, by a decreasing rate of ATP 
resynthesis (Sahlin, 1992). High intensity intermittent exercise is dependent not only 
on the ability to resynthesise large amounts of ATP via non oxidative sources but also 
on the recovery duration between work bouts. Wootton and Williams (1983) 
demonstrated larger fatigue induced decrements in power output and higher blood 
lactate concentrations when five bouts of 6s maximal sprints were performed with a 
30s as opposed to a 60s recovery. It was postulated that fatigue was associated with 
an incomplete replenishment of PCr stores, thus placing a greater demand on non- 
oxidative glycolysis to maintain ATP levels. Significant declines in ATP are unlikely 
until PCr concentration is reduced to - 60% of resting levels (Wootton and Williams, 
1983). This was observed by Cheetham et al. (1986) when PCr decreased by 64%. 
This is thought to be due to the faster rate of creatine kinase activity than that of 
ATPase (Hultman et al. 1990b). 
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McCartney et al. (1986) detected declines in muscle glycogen and increases in muscle 
lactate and a 10 fold increase in glycolytic intermediates, when subjects underwent 
four, 30s bouts of cycling exercise interspersed with 4 min recovery. Work and power 
output declined by 20% (bout 2-3) with a 40% decline in muscle ATP after each bout 
and a decline in PCr to 5% of basal levels. During recovery ATP and PCr recovered 
to 76% and 95% of basal levels. During the first and second bouts and during the 
third bout, rate limitation of phosphofructokinase and phosphorylase were 
hypothesised respectively. The large increase reported in plasma glycerol 
concentration suggested an increased reliance upon intramuscular tri-glycerol stores 
during repeated intermittent maximal exercise. 
Degradation of PCr has been observed by Yoshida and Watari (1992,1993a) during 4 
min of leg exercise at 1,10,20,30 kg. min 1. An exponential decline in PCr was 
observed with a depletion rate and recovery rate of 30-40s respectively. 
Phosphocreatine depletion was at first independent of intensity and later more marked 
at higher intensities. Yoshida and Watari (1993b) also noted an exponential decline of 
30.3% in the biceps flexor muscle during intermittent activity (20 kg. min-1 flexion x 
4), with only a 79% recovery. Intermittent exercise consisting of 30 consecutive 
maximal voluntary knee extensions performed at 180°/s (0.5s contraction and 1.2s 
recovery) plus a final 60s recovery, was conducted by Tesch (1989). Basal creatine 
was found to be ~13% greater in type II versus type I fibres. Combined with a 
decreased contractile force during exercise, PCr in the type II fibres decreased by 
62% with only a 27% resynthesis during recovery. A decrease of 52% occurred in the 
type I fibres of which 45% was restored during recovery. Thus Tesch (1989) showed 
that PCr resynthesis is an oxygen dependent process with replenishment occurring 
more readily in the type I fibres. This was associated with the greater oxidative 
respiratory capacity of type I fibres and their greater capillary density and 
mitochondrial content. The accumulation of lactate and pH may have been greater in 
the type II fibres. Degradation of PCr, therefore, can be a major cause of fatigue 
(Maclaren et al. 1989). 
Further intermittent exercise protocols utilised to determine the possible causative 
factors involved in fatigue were undertaken by Ballor and Volovsek (1992), 
Cheetham et al. (1986), Gaitanos et al. (1993), MacDougall et al. (1977). When 
subjects performed ten, lOs maximal sprints, blood lactate concentration was seen to 
increase 15 fold (0.6 ± 0.1 mmol. l-1 (rest) - 12.6 ± 1.5 mmol. l- t (sprint 9)) and PCr, 
ATP and muscle glycogen declined by 57%, 13% and 14% respectively (Gaitanos et 
al. 1993). A rest period of 30s was reported to be sufficient for some but not all of 
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PCr resynthesis. This was further supported by the results of Balsom et al. (1992), 
Keul and Haralambie (1977) who stated that a rest period of 30s was insufficient to 
fully replenish PCr from intermittent exercise bouts. Similarly, 10 x 6s sprints and 5x 
6s sprints were studied by Holmyard et al. (1988) and Wootton and Williams (1983) 
respectively, on a non motorised treadmill, with either 30s or 60s recovery between 
each sprint. In the former study peak power output (PPO) was maintained in the 60s 
recovery whereas a 13.2% decline in PPO was observed with the 30s recovery. A 
greater decline in MPO was ascertained in the 30s (21.4%) versus 60s (4.2%) 
recovery respectively. In both studies a longer recovery may have provided more time 
for the resynthesis of PCr and the translocation of hydrogen ions into the circulation 
from the muscle cell, with possibly less acidosis. 
When performing a 30s sprint on a sprint treadmill, subjects exhibited a 25% 
reduction in muscle glycogen and a 64% and 37% decline in PCr and ATP 
respectively (Cheetham et al. 1986). These reductions were more pronounced in the 
type II fibres with the reduction in ATP being the contributory factor to the decline in 
force production. Intermittent exercise elicited higher blood lactate, Pi and H+ 
concentrations and utilised more PCr and ATP versus that of continuous exercise 
respectively, thus resulting in the earlier onset of fatigue during intermittent exercise 
(Chasiotis et al. 1987). 
Central fatigue and peripheral fatigue are not so distinguishable from one another, due 
to the different feedback mechanisms and furthermore fatigue is also influenced by 
psychological factors (Sahlin, 1992). 
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2.4.1 THE EFFECTS OF FATIGUE ON GRIP STRENGTH/ENDURANCE. 
'Missed strokes and a failure to position oneself properly and/or- general lethargy may 
be attributed to inadequate fitness levels and fatigale. ' (Elliot et al. 1984) 
Despite the importance of grip strength and endurance for stroke production, limited 
research has been conducted to document the effects of fatigue upon them (Kramer 
and Knudson, 1992). 
The influence of fatigue upon grip strength in tennis players as opposed to non tennis 
players was studied by Kramer and Knudson (1992). Thirty trials of intermittent (3s 
maximal efforts interspersed with 25s rest periods) were conducted on 16 subjects. 
Work to rest ratios (similar to the game of tennis) were used. Surprisingly, the 
subjects showed a resistance to fatigue, displaying an increase in grip strength over 
time in both males and females. Previous research, nevertheless, has shown that 
tennis players were more developed in the muscles of the hand, used in gripping the 
racket (Chinn et al. 1974) and the metacarpophalangeal joint extension of the fingers 
(Strizak et al. 1983) on the dominant side, than non tennis players, respectively. 
However, Montazer and Thomas (1991) reported grip strength to decline by 75% and 
70% after 20 and 30 trials of maximal gripping efforts (3s) with 15s rest between 
trials respectively. A pilot study revealed that when subjects performed at 70% of 
their maximum strength for 30 trials their performance was maintained at about 70% 
throughout all trials. A negative relationship between grip strength and endurance 
was reported by Tuttle et al. (1950). 
Balogun (1987) studied the time to reach 50% of maximal voluntary isometric 
contraction (MVIC) when subjects squeezed a dynamometer maximally for 3 
consecutive contractions. Following this period the wrist and finger flexors were 
electrically stimulated (10 min) and were re-evaluated immediately post-stimulation 
and 30 min into recovery. Test time was shorter, with a lower post stimulation grip 
strength and local muscular endurance than pre-stimulation respectively. No recovery 
was observed over the 30 min in endurance (79.1% restored) or isometric grip 
strength. In a similar protocol, subjects were tested for grip strength (3 max 
contractions with 1 min between), followed by a 10 min rest and grip endurance (max 
squeeze to 50% MVIC) (Nwuga, 1975). A downward trend in strength was observed 
after 37 ± 10s. Bystrom and Kilbom (1990) investigated the difference between 
electrically stimulated continuous (to exhaustion) and intermittent (10s + 10s + lOs + 
5s + 10s + 2s) isometric hand gripping at 10,25 and 40% of MVIC. Similar to 
Balogun (1987) local fatigue was observed in the forearm. Furthermore insufficient 
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blood flow was observed at all of the intensities during the continuous contractions. 
Possible causes for the decreased grip strength and endurance in the above studies 
was suggested to be the significant reduction of immediate (ATP and PCr) energy 
sources and a subsequent lactate accumulation from glycogen breakdown. 
Bertocci et al. (1992) studied the effect of attenuated intracellular acidosis upon 
maximal hand gripping performance when muscle glycogen was partially depleted 
from submaximal exercise. Although the above attenuation exercise had no effect 
over the first few brief bouts of intense hand gripping, during a5 min period of 
maximal bouts of hand gripping, force output significantly declined to 56.2% and 
40.4% of the original maximal force, in non-attenuated and attenuated acidosis 
conditions respectively. Fatigue was observed to be multifactorial and may occur 
without a decline in pH and is correlated to increased ADP after exercise induced 
glycogen depletion. 
Serfass et al. (1984) showed no effect of dehydration (5%BW loss) upon the strength 
and endurance of the hand gripping muscles over a3 day period when subjects 
underwent a6 min fatiguing bout. Torranin et al. (1979) however, showed lowered 
endurance times in the finger flexors following dehydration. 
In tennis the role of the non-playing arm must not be overlooked. This arm elevates 
the service ball, stabilises the racket and aids in the maintenance and provision of 
balance. It may also be used in some players for the production of a double handed 
stroke (Chinn et al. 1974). Bilateral differences in fatigue were observed by Oda and 
Moritani (1995) when subjects were primarily tested for maximal strength in the 
unilateral and bilateral state and then 5 min later tested to fatigue. An overall decline 
in force over 1 min was detected on both sides (-40%) with the non-dominant arm 
showing greater fatigue. It was suggested that the reduction in contraction speed was 
such that the excitation rate needed to produce maximum force, was considerably 
diminished. This is normally most apparent in type II fibres. This result suggests 
therefore a large amount of type I fibres on the dominant side. 
Grip strength is affected by the testing method and stance and for this reason direct 
comparisons of norms from other studies cannot be made with great confidence, thus 
accentuating that testing stance must be maintained both throughout and between 
trials (Balogun et al. 1991). 
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2.4.2 THE EFFECTS OF FATIGUE ON MOTOR PERFORMANCE AND 
REACTION TIME 
Aldermann (1965) monitored the fatiguing effects generated by arm ergometry work 
to exhaustion, (49% decrease in ergometer speed post exercise) upon three 
performance tests (pursuit rotor test, arm ergometer test, and a discrete fast movement 
performance test (rho test)). Ergometer speed declined by 49% with a concomitant 
decrease in rho speed of 39.6% from pre- to post-trial. Thus the performance of a 
discrete fast movement (rho test) and an accurate precise movement (pursuit rotor 
task) were affected by fatigue. Local fatigue from static exercise has also been shown 
to affect the timed performance of a coincident timing task (Wrisberg and Herbert, 
1976). Furthermore, fatigue from 7 min treadmill running (-80% V02 max) and static 
right arm exercise (90% V02 max) affected the timing of a motor performance task 
(50 trials/day right-to-left, 86cm right arm movement in 500ms) respectively 
(Wrisberg and Herbert, 1976). This was unrelated to the subjects V02 max but was 
significantly related to the motor skill level. 
Fleury and Bard (1990) investigated the effects of fatigue from treadmill running at 
various intensities, upon the performance of a sensory task (peripheral threshold 
detection), sensory motor task (coincidence timing) and a cognitive task (recall in 
central vision). Both the performance of coincidence anticipation and the cognitive 
task were negatively affected by maximal aerobic exercise, however peripheral vision 
performance increased at all intensity levels. The effect of progressive exercise at 
heart rates of 105-125 b. min-1,125-155 b. min-1,155-170 b. min-1 and 170-180 b. min-1 
upon the response to 5 visual lights, displayed in the horizontal plain were reported by 
Salmela and Ndoye (1986). Reactions to a central stimuli were maintained up to a 
heart rate of 145 b. min-1 but a significant deterioration was noted at higher heart 
rates. 
Choice visual reaction time was not affected by a6 min treadmill run at work 
intensities up to and including 87% V02 max. (Butterly, 1995). Fatigue from 
prolonged exercise and its effect upon choice visual reaction time was not 
investigated however. Furthermore no differences were found between an 
experimental group (Harvard step test exercise) and a control group (no exercise) on 
the reaction time of the hand nor foot to a buzzer light stimulus (Meyers et al. 1969). 
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2.4.3 THE EFFECTS OF FATIGUE ON ACCURACY 
Due to a lack of previous research into the influence of fatigue on tennis performance, 
the following, reviews the effects of fatigue upon sports with a requirement for 
accuracy. Biathlon shooting accuracy (5 shots at a 112mm target, 50m away), 
declined as exercise intensity increased, when subjects were in the standing position 
(Hoffman et al. (1992). Basketball accuracy significantly declined with the onset of 
fatigue, when subjects played a2 on 2 game (2 min) of basketball followed by 60 
shots towards the basket from three court positions (Ivoilov et al. 1981). Fromme et 
al. (1996) however reported no negative effects of physical strain upon basketball free 
throw accuracy. A mean score of hits of 73.8% indicated neither deterioration of 
precision related to increasing load on a step test nor upon blood lactate level 
(Fromme et al. 1996). In the study of Ivoilov et al. (1981), the mode of exercise 
performed (2 on 2 game), prior to 60 shots towards the basket, used both the upper 
and lower limbs. The study of Fromme et al. (1996) however placed a greater demand 
for work on the muscles of the lower limbs, as opposed to the muscles of the upper 
limbs. Furthermore this was integrated with free throws towards the basket. The lack 
of influence of physical strain on free throw performance, observed in the study of 
Fromme et al. (1996), may have been due to a lower concentration of lactate, possibly 
due to the oxidation of lactate in the less active muscles of the upper body when the 
lower body was performing work in the step test. Thus the muscles of the upper body 
may have been acting as net lactate consumers. 
2.5 BLOOD GLUCOSE CONCENTRATION AND SKILLED MOTOR 
PERFORMANCE: 
'Mental performance capability and the well being of hionans depends to a great 
extent on the quantitative and qualitative composition of nutrition. ' (Keul et al. 1995) 
The game of tennis is highly dependent upon cognitive and coordinative processes. 
Comparison of the cognitive effects of tennis players would however be difficult. A 
high initial blood glucose concentration was an asset to the sustenance of mental 
concentration required when sailing in a fickle wind (hiking) (Niinimaa et al. 1977). 
The research of Keul et al. (1982), showed carbohydrate diets to result in better 
mental performance when subjects were driving in a car simulator at a high speed 
over a 110km difficult course. The error rate in the final third of the course was 
significantly lower, following CHO supplementation. Furthermore, in the above study 
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Moser et al. (1983) reported improved multiple reaction capacity with CHO 
supplementation. Concentration exercises, performed prior to and after the car 
simulator test, exhibited improvements following glucose administration. The impact 
of raising blood glucose concentration through the ingestion of 50g of glucose or a 
CHO-free placebo, on simple and choice reaction time (reactions to 1 of 8 lamps 5.5 
inches from centre button) and decision time (discrimination between 2 lines of 
different length) was studied by Owens and Benton (1994). Blood glucose 
concentration rose significantly (6.2 ± 1.4 mmol. 1-1 and 7.2 ± 1.6 mmol. l-1), 15 and 
30 min post ingestion of the glucose beverage respectively as opposed to no change in 
the placebo trial. Although decision time was not affected, subjects who ingested the 
glucose solution, exhibited faster reaction times (simple and choice), improved 
mental speed and faster and more efficient information processing levels. 
The positive association between hyperglycaemia and motor performance was not, 
however, found by Miles et al. (1994). Mental performance was monitored through 
various tests of addition of two digit numbers for a 10 min period pre- and post- 
cycling at 70% VO-, max (90 min) when blood glucose concentration was raised to 
either 6 mmol. 1-1 or 10 mmol. 1-1 through the ingestion of glucose at 25,55 and 80 
min inte als during exercise. No differences were ascertained in the number of sums 
answered and percentage errors made. Mental performance was seen to be enhanced 
by exercise, but hyperglycaemia was not seen to further enhance mental performance. 
Furthermore, psychomotor tests of reaction time, coincidence anticipation timing 
(anticipation of the speed and arrival of an object) and hand eye coordination were not 
affected (pre- v post-) when a glucose polymer (2kcal. min-1) was ingested at 50,90, 
120 and 150 min during walking to exhaustion at 45% V02 max (Ivy et al. 1983). 
The mode and intensity of exercise utilised in the above study is lower than those 
reported in the game of tennis. Thus although nutritional intervention had no effect on 
this mode of exercise (Ivy et al. 1983) the effects that nutritional intervention may 
impose on the psychomotor parameters as related to actual tennis matchplay are 
relatively unknown. 
Brooke et al. (1982) reported that particular nutritional and exercise changes disturb 
the neural control of an habituated task. Small changes in the level of blood glucose 
concentration resulted in the application of a varied force when cycling, that is, at 
high blood glucose concentrations a greater force was applied in cycling, as opposed 
to when concentrations were low. 
These results outlined above have serious implications for tennis players, in a game 
which requires both mental and neuromuscular parameters, as well as a high amount 
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of energy. Players are required to process vast quantities of information. Throughout 
the execution of a tennis movement players must focus their attention on the ball, 
opponent and the target to which they are aiming. Decisions upon what type, style 
and direction of shot must be made prior to the shot's execution and furthermore the 
feedback from its point of impact will allow for an analysis of the shot's effectiveness. 
Thus it would seem, that a sufficient amount of carbohydrate has to be provided prior 
to, during and after tennis matches in order to prevent mental deterioration. 
2.6 REGULATION OF CARBOHYDRATE METABOLISM 
Regulation of carbohydrate metabolism during exercise has been outlined in 
considerable depth in the following review papers (Greenhaff et al. 1993; Hargreaves 
and Richter, 1988; Hultman et al. 1990a; Liebman and Wilkinson, 1994; Richter, et 
al. 1986). 
Glycogen storage in the body is small, with approximately 300-400g in the muscle, 
80-90g in the liver and a circulating blood glucose of 20g (Liebman and Wilkinson, 
1994). Glycogen is stored close to the excitation-contraction coupling mechanism in 
skeletal muscle and enzymes responsible for resynthesis and breakdown (Greenhaff et 
al. 1993). 
Glycogenolysis is dependent upon the initial levels of glycogen in the muscle and the 
activation of glycogen phosphorylase (PHOS) (Liebman and Wilkinson, 1994). 
Phosphorylase exists in two forms, PHOS a and b; the former (active form) doesn't 
require AMP for its activation whereas the latter (inactive form) becomes active in the 
presence of AMP and or IMP (Greenhaff et al. 1993). Accumulation of Glucose-6- 
phosphate (G-6-P) leads to an inhibition of PHOS from direct feedback (Liebman and 
Wilkinson, 1994). Also the sarcoplasmic reticulum release of Ca2+ during excitation- 
contraction coupling, increases PHOS activity by the conversion of PHOS b to a 
(Hargreaves and Richter, 1988). 
Hormonal regulation may externally control the rate of muscle glycogen breakdown 
(Hargreaves and Richter, 1988). Insulin (a powerful stimulus for glycogen synthesis) 
decreases at exercise intensities of > 50% V02 max and may thus play an important 
role in increasing glyeogenolysis (Hargreaves and Richter, 1988). However, 
circulating adrenaline concentration has a far greater influence upon muscle 
glycogenolysis (Hargreaves, 
1995a; Liebman and Wilkinson, 1994). Adrenaline 
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activates PHOS kinase and stimulates glycogen catabolism in contracting muscle via 
the sympathetic nervous system (Hargreaves, 1995a; Liebman and Wilkinson, 1994; 
Stainsby, 1986). Plasma adrenaline has been reported to increase 12-fold in 
intermittent exercise with a concomitant increase in plasma glucagon of 55% (Naveri 
et al. 1985). Thus catecholamines were attributed to increasing plasma glucagon and 
had a direct effect on glycogenolysis in the liver. Vranic and Lickley (1990) and 
Wasserman and Vranic (1986) summarised that glucagon - insulin interaction mainly 
controls glucose production at the liver whereas catecholamine - insulin interaction 
mainly controls glucose uptake. 
During the early stages of exercise, contraction induced glycogen breakdown has 
been suggested to be more important, whereas adrenaline induced glycogen 
breakdown may be accentuated during prolonged exercise (Hargreaves and Richter, 
1988). Galbo et al. (1975) reported plasma adrenaline to increase during both 
prolonged submaximal and graded exercise. 
Glucose uptake 
Blood glucose uptake is curvilinear in nature and is reliant upon two factors, firstly, 
the greater demand for glucose by each active muscle fibre or secondly, an increase in 
the number of active muscle fibres (Coggan, 1991). The regulation of muscle glucose 
uptake during exercise is not well understood. Glucose transport across the 
sarcolemma is stimulated by circulating insulin and muscle contraction. However it 
would appear that contractions can increase glucose transport and uptake in muscle 
even in the absence of insulin (Richter, et al., 1986; Vranic and Lickley, 1990). 
Glucose phosphorylation 
The phosphorylation of glucose to glucose-6-phosphate (G-6-P) is the result of 
hexokinase enzymatic activity which is located in the sarcolemma. Increases in G-6-P 
levels cause an inhibition of Hexokinase activity. Thus during the early part of 
exercise when glycogen and G-6-P are high, both the phosphorylation of glucose and 
the uptake of glucose from the blood are low. As exercise progresses and glycogen 
concentration and G-6-P declines the hexokinase inhibition is removed, thus 
encouraging an increased blood glucose influx (Bonen et al. 1981). 
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2.7 BLOOD GLUCOSE UTILISATION 
Resting blood glucose concentration is reported to be in the range of 3.9-5.0 mmol. 1-1, 
however, blood glucose levels as low as 1-3 mmol. 1 1 have been found when a small 
muscle group was being utilised (Shephard, 1987). Arm exercise has been reported to 
rely upon plasma glucose to a greater extent than leg exercise performed at a similar 
intensity (Coggan, 1991). When arm exercise was superimposed on thigh exercise, 
muscle glucose uptake per kilogram active muscle was reported to decrease as the 
mass of active muscle increased (Richter et al. 1988). Although not significant, 
plasma insulin was reported to decrease, simultaneously with a decreased glucose 
uptake into the thigh muscle (Richter et al. 1988). Arm exercise was accompanied by 
an increase in adrenaline concentration which may have caused an increase in G-6-P 
concentration and thus an inhibition of hexokinase and net glucose uptake in the 
exercising thigh muscle (Richter et al. 1988). 
Plasma glucose utilisation is dependent upon the intensity and duration of the exercise 
and the levels of other substrates in the blood (Pirnay et al. 1982). Strenuous exercise 
training of 3 days/week running and cycling respectively has been reported to cause a 
decrease in plasma glucose oxidation and turnover during prolonged exercise 
(Coggan et al. 1990). Tennis players are more developed in the arm muscles through 
regular play, (Chinn et al. 1974; Weltman, 1995) therefore they may exhibit higher 
oxidative capacities in their arm muscles and a lower level of plasma glucose 
oxidation and turnover in these muscles. 
2.8 MUSCLE GLYCOGEN DEPLETION DURING EXERCISE 
Similar glycogen depletion patterns have been exhibited during both intermittent and 
continuous exercise (Essen et al. 1977; Hermansen et al. 1967). 
The glycogen depletion patterns of the vastus lateralis muscle were studied by 
Gollnick et at. (1974) over a 46 hour period following endurance exercise (1st hour) 
and repeated sprints to exhaustion (2nd hour). Glycogen depletion and intensity were 
positively correlated with 2.7 times and 7.4 times greater depletion at 64% and 84% 
V02 max versus 31% VO2 max respectively. In an earlier study, Gollnick, et al. 
(1973) reported a linear decline in muscle glycogen as exercise progressed, with 
greater depletion rates in the type II versus type I fibres. This was suggested to be due 
to the order of recruitment and the high aerobic capacity of type I fibres (Gollnick et 
al. 1973) . 
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No studies to date have measured arm muscle glycogen concentration pre- and post- 
tennis matchplay. Nevertheless, although muscle glycogen depletion is confined 
mostly to the active muscles, the relatively small muscles involved in tennis 
movements such as throwing and hitting, which are essential to skill and control, may 
become depleted and negatively affect the control of motion, processing of 
information and performance itself (Brouns, 1990; Yoshizawa et al. 1987). 
Furthermore the preferential depletion of muscle glycogen in type II muscle fibres 
may also affect tennis performance (Brouns, 1990; Conley and Stone, 1996). 
The opposite was observed however, in both an ice hockey game (28-30s work and 
rest) (Green et al. 1978) and a simulated hockey task (4 x 33s with 40s rest) 
(Montpetit et al. 1979). Although muscle glycogen was depleted by 60% (Green et al. 
1978) and 52% (Montpetit et al. 1979) respectively over the course of exercise, 
glycogen depletion was greater in type I fibres, with a large amount of muscle 
glycogen remaining in type II fibres. Macdougall et al. (1988) observed a 13% 
depletion in muscle glycogen in the biceps brachii when 1 set of 10 reps to failure and 
3 sets with 3 min rest periods of single arm curls were performed. 
When subjects conducted a final sprint performance test, following prolonged muscle 
glycogen depleting exercise, hypoglycaemia and high blood lactate concentrations 
were reported, respectively (Bacharach et al. 1994; Brooks et al. 1973). This was 
suggested to be due to the final utilisation of glycogen via anaerobic glycolysis. This 
was contradicted by Jacobs (1981) however who found blood lactate levels to be 
considerably diminished when glycogen levels were decreased by prolonged exercise. 
A possible explanation for such a decline in blood lactate concentration may have 
been due to the decline in glycogenolysis associated with the depletion of muscle 
glycogen. Furthermore, citrate inhibition of glycolysis may have occurred, possibly 
due to an increase in citrate levels associated with prolonged exercise, thus reflecting 
the lower levels of blood lactate. 
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2.9 THE INFLUENCE OF CARBOHYDRATE SUPPLEMENTATION UPON 
PERFORMANCE 
A good relationship exists between pre-exercise muscle glycogen concentration and 
work capacity (Ahlborg et al. 1967; Bergstrom et al. 1967). Thus the ingestion of a 
carbohydrate beverage may help in both the prevention of hypoglycaemia and in 
providing an alternative fuel source for its immediate utilisation in the working 
muscle, possibly extending work capacity. Furthermore, the dual purpose of replacing 
fluid and CHO into the system may be achieved through the ingestion of CHO 
beverages. A 16% lower utilisation of muscle glycogen was observed when subjects 
were administered deionised water as opposed to no fluids during 2h cycling at 67% 
V02 max, thus reiterating that fluid ingestion can play a role in reducing muscle 
glycogen loss during prolonged exercise (Hargreaves et al. 1995b). The ingestion of 
fluid in the above study may have suppressed the increases in muscle temperature and 
adrenaline concentration associated with exercise of this duration. This may have 
been the cause of the reduction in muscle glycogen utilisation observed. Furthermore 
cardiac output may have been maintained through fluid ingestion. Thus muscle blood 
flow may have improved, with the resultant enhancement of oxygen and substrate 
delivery to the working muscle and a lower muscle glycogen utilisation. 
The results of the above study were also reported by Fallowfield et al. (1996) when 
subjects performed prolonged running to exhaustion at 70% V02 max. Two separate 
trials were performed, a no fluids trial (NF) and a fluid replacement trial (FR) (3.0 
ml. kg-IBM, pre- exercise and serial feedings of 2.0 ml. kg-IBM every 15 min during 
exercise) respectively. Water ingestion in the FR trial improved endurance capacity 
by 25.3 min. Furthermore, in the NF trial, prolonged exercise was accompanied by an 
enhanced CHO oxidation and a decreased fat oxidation. This had the overall effect on 
energy metabolism of increasing blood lactate concentration and RPE towards the end 
of exercise. Thus the lower musle glycogen utilisation observed with water ingestion 
by Hargreaves et al. (1995b) may be the reflected in the improvements in endurance 
capacity observed in the above study (Fallowfield et al 1996). 
Tennis players are slowly realising the importance of regularly ingesting fluids, in the 
form of either water or CHO-E solutions and their use on the court is continuously 
increasing in popularity. Various different exercise modes have been utilised in order 
to study the effects of CHO-E beverages upon performance. These vary from lab 
based protocols of continuous and intermittent cycling and treadmill running to field 
based protocols simulating sport. 
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2.9.1 TYPE OF CARBOHYDRATE 
Both complex and simple carbohydrates have been found to improve endurance 
running performance (Brewer et al. 1988). Comparisons have also been made 
between the simple sugars, glucose, sucrose and fructose during cycling exercise 
(Edwards and Santuesanio, 1984; Hall et al. 1993; Massicote et al. 1989; Murray et 
al. 1989). Although Edwards and Santuesanio (1984) reported improved cycling 
times with glucose polymer and glucose polymer with fructose over a water trial, 
Massicote et al. (1989) found fructose to be less readily available for oxidation than 
glucose causing a lower total carbohydrate oxidation over the 2 hour trial. Increased 
gastrointestinal discomfort was reported by Murray et al. (1989) with fructose 
ingestion with a subsequent decline in sprint cycling performance. Furthermore no 
extra benefit was observed in administering glucose polymers over free glucose 
(Massicote et al. 1989). Few differences were observed when comparing the effects of 
glucose and maltodextrin (alone or in combination) upon carbohydrate oxidation and 
or the ability to improve performance (Coyle and Montain, 1992; Flynn et al. 1987). 
2.9.2 FACTORS AFFECTING GASTRIC EMPTYING AND INTESTINAL 
ABSORPTION OF CHO SOLUTIONS 
'The gastric emptying rate regulates the rate at which ingested foods and fluids are 
delivered to the small intestine and the extent to which they are modified by gastric 
secretions. ' (Maughan, 1993b) 
Gastric emptying follows an exponential time course and its' regulation is largely 
dependent upon the volume and concentration of the solution (Coyle and Montain, 
1992; Maughan and Noakes, 1991b; Mitchell and Voss, 1991). The effect of volume 
on gastric emptying may be related to the pressure that the fluid exerts on the stomach 
wall (Beckers and Rehrer, 1994). A summary of studies investigating the gastric 
emptying of various CHO solutions is presented in Table 2.4. 
High concentrations of glucose cause a slowing of gastric emptying (Coyle et al. 
1978). The use of maltodextrins as opposed to glucose may decrease the osmolality 
and increase gastric emptying rate (Maughan, 1993b). Through decreasing the 
osmolality of a solution the quantity and rate of absorption of the substrate may be 
increased (Maughan and Noakes, 1991b). Glucose polymer solutions (5%) have been 
observed to empty faster than free glucose solutions at the same concentration (Foster 
et al. 1980) with glucose polymer and fructose solutions emptying as fast as water 
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(Seiple et al. 1983) respectively. Although Sole and Noakes (1989) found no 
significant difference between the aforementioned in gastric emptying rate, a 15% 
glucose polymer plus fructose solution emptied faster than a 15% glucose solution. 
Exercise type (cycling versus running) has been shown to have no effect on the rate of 
gastric emptying (Houmard et al. 1991). However, Neufer et al. (1986) and Murray, 
(1987a) reported running to enhance gastric emptying possibly due to increased 
mechanical movement of the stomach. Neither gastric emptying rate or intestinal 
absorption of glucose, fluid or electrolytes is affected at intensities below 65-80% 
(Costill and Saltin, 1974; Murray, 1987a). Exercise intensities of 80-90% V02 max 
nevertheless, were only 50% of those at rest (Costill and Saltin, 1974). 
No differences were observed in gastric emptying rate between intermittent and 
continuous exercise (Mitchell et al. 1989a) or between trained and untrained subjects 
(Rehrer et al. 1989). Other factors thought to influence gastric emptying rate include 
pH, stress, dehydration, environmental temperature, circulating hormones, time of 
day, anxiety and phase of the menstrual cycle (Maughan, 1993b; Murray, 1987a). 
A close coupling exists between gastric emptying and intestinal absorption (Maughan, 
1993b). The primary site of fluid absorption is the duodenum and jejunum (Gisolfi, 
1991). A discrepancy appears to exist however, between the amount of CHO 
delivered to the small intestine and the amount of exogenous glucose stored or 
oxidised by the muscles (Rehrer et al. 1992). It may therefore seem that the 
absorption, rather than gastric emptying rate determines its delivery to the muscles. 
Although CHO solutions have slower gastric emptying rates than plain water, they 
may be absorbed from the small intestine at the same rate due to the stimulating effect 
of the presence of glucose and sodium (Murray, 1987a). 
2.9.3 THE INFLUENCE OF CHO INGESTION UPON CYCLING AND 
RUNNING CAPACITY AND PERFORMANCE 
Endurance capacity is referred to here as the time taken to reach exhaustion at a 
constant work load or speed, whereas endurance performance describes the time taken 
to complete a predetermined task (Williams, 1994). 
The influence of carbohydrate ingestion upon cycling performance and capacity are 
summarised in Tables 2.5 and 2.6 respectively. 
34 
N 
r 
CC 
E 
w 
it 
"V 
to 
C 
O 
CC 
E 
ö 
o E 
4., 
v r, 
a 
bn 
A 
.ý isq 
x 
N 
C 
ix 
U 
I 
c 
oc 
^o 
ýý 
ýn cý 
on an 
Ü 
aA 
W 
oz xU 
C 
GU 
cT 
C 
cC 
Zý 
> 
C 
x 
E 
ýn 
oc 
a c, cn 5.1 Ü Ü Z-. Ü 
on 
Ü 
_ý 
N 
N 
U 
+ C C O 
U C U Ü U 
L N ýG 
Con 
- J J V J 
un 
V 
C N 
O 
M C 
G C= >, - - N 
7; 7; 
x 
n 
r 
J 
2 
. -. 
x 
:ý 
.ý 
:ý D 
ýLi N oc 
U U C 
v J 
N 0< 
G 
U 
) 
- U T 
- 
x 
ý Ci, 
I5 
.ý k 
ca 
.. c 
N 
O 
c > > 
V 
p 
-C ö 
x 
N E 
C 
+ 
- 
o 
N 
- 
ö 
c 
3 
aid 
c 
+ 
C G 
Ü 
0 
° 
0 
x 
ý 
a. 
G c _, 
C .ý 
c 
ý 
N C 
cc 
C 
cc 
7 
G 
J J 
C 
U 
T 
Ü 
w 
E 
>, 
ö 
C7 
a 
0 
36 
The ingestion of carbohydrate during cycling exercise has been shown to improve 
cycling endurance capacity (Balmer et al. 1995; Coyle et al. 1983,1986; Febbraio et 
al. 1995) and cycling performance (Bacharach et al. 1994; Davis et al. 1986; Mitchell 
et al. 1989b; Murray et al. 1991). No differences were found by Mitchell et al. 
(1989b) between intermittent and continuous exercise performance when subjects 
ingested a 12% CHO beverage. Although doses as high as 18% showed performance 
improvements, there was no benefit over the 12% CHO trial. Thus the ingestion of 
between 6-12% CHO solutions improved performance during cycling. 
Running performance (Tsintzas et al. 1995) and capacity (Ivy et al. 1983; Tsintzas, et 
al 1993a, 1993b, 1996; Wilber and Moffatt, 1992) have also been shown to be 
improved by CHO ingestion. Endurance capacity improved by 29.4% when a 7.0% 
CHO solution was ingested during constant pace running at 80% VOZ max (Wilber 
and Moffatt, 1992). Furthermore, Tsintzas et al. (1993a, 1996) observed a 14% and 
27% improvement in endurance capacity when a 5.5% CHO-E beverage was 
consumed during continuous running to exhaustion, respectively. The 
supplementation of a 5.5% CHO-E solution during constant pace running (73g and 
49.3g CHO) exhibited a glycogen sparing effect of 28% in the vastus lateralis type I 
muscle fibres respectively (Tsintzas, et al. 1993b, 1996). Thus the ingestion of CHO 
during running appears to spare muscle glycogen and enhance endurance capacity. In 
contrast, most of the cycling studies however have not shown glycogen sparing to 
occur (Coggan and Coyle, 1991; Coyle et al. 1986; Fielding et al. 1985; Flynn, et al., 
1987; Hargreaves and Briggs, 1988; Mitchell et al. 1989b). Exercise capacity during 
cycling seems to improve as a result of CHO ingestion, by better maintained blood 
glucose concentrations and CHO oxidation rates. 
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2.9.4 THE INFLUENCE OF CHO INGESTION UPON INTERMITTENT 
EXERCISE 
'The primary cause of fatigue in exercise lasting 1-4 hours is the 
depletion of the body's carbohydrate stores. This time scale covers 
most ball games such as football, hockey and tennis. ' (Maughan, 
1991 a) 
The effects of CHO beverages upon intermittent exercise performance have been 
studied by Bangsbo et al. (1992); Coyle, (1993b); Jacobs, (1987); Kirkendall, (1988, 
1993); Leatt and Jacobs, (1988); Nicholas et al. (1995); Simard et al. (1988) and 
Wilkinson et al. (1995). 
The influence of a CHO-E beverage (6.9% CHO-E versus water placebo) on 
intermittent high intensity shuttle running performance was examined, when subjects 
performed a 20m intermittent shuttle run for 75 min (walk, re:, sprint, jog - 55% 
V02 max, cruise - 95% V02 max) followed by a timed run to exhaustion (55-95% 
V02 max) (Nicholas et al. 1995). Running time and distance covered were 2.2 min 
and 0.4 km longer in the CHO-E trial respectively. Thus the ingestion of 47gCHO. h-1 
improved endurance time by 33% due to muscle glycogen sparing during the first part 
of the study (Nicholas et al. 1995). 
With increased muscle glycogen availability, soccer players could run both farther 
and faster (Saltin, 1973). When CHO was administered before and in between soccer 
matches Kirkendall et al. (1988) observed a 25% and 40% increase in running 
distance respectively. A soccer match was simulated in two trials on a non motorised 
treadmill; an 8% glucose polymer solution was administered (8ml. kg-1 BW) 10 min 
pre-trial and at half time, versus a placebo. Blood glucose concentration was 
maintained in the CHO trial versus the placebo (Kirkendall et al. 1988). 
It has been suggested that muscle fibres active in the low intensity bouts of 
intermittent exercise may replenish their glycogen levels, thus CHO ingestion 
throughout this form of exercise may lead to a lower glycogen depletion (Coyle, 
1991). 
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2.9.5 THE INFLUENCE OF CARBOHYDRATE INGESTION UPON TENNIS 
PERFORMANCE 
Tennis is an incredibly complex athletic event that can extend the 
physiological system to its limits. The practice and coordination of 
stroke production can become decreasingly effective if the athlete does 
not effectively manage the nutrition factor' (Halvorssen, 1988). 
The tennis player depends upon CHO as a fuel source for the power actions of the 
game such as the service, overhead, sprints, jumps and other rapid actions utilised to 
elicit aggressive matchplay (Halvorssen, 1988). Little is known about the effects of 
carbohydrate supplementation on performance in a technical sport event such as long 
lasting tennis matchplay (Vergauwen et al. 1996). 
The positive effects of carbohydrate supplementation were observed in Davis cup 
matches by Keul et al. (1995). Team members reported no bouts of muscle cramps in 
6.5 hours of matchplay and increased mental alertness, with a concomitant effect on 
coordination and concentration. Burke and Ekblom (1982), conducted two 2 hour 
trials of simulated competitive tennis matchplay, under 5 conditions: i) CHO polymer 
(758.1-1), ii) water, iii) thermal dehydration (-1.5k(, -1 BW), iv) no fluids and v) control 
(neutral environment). Subjects were reminded to drink ad libitum every 20 min. Two 
performance measures were utilised 'total points' of stroke accuracy (service and 
groundstrokes) when aiming at a target and power output (Sargeant jump). A ball 
machine sent 25 balls alternating to the forehand and backhand sides (20 balls /min), 
to be returned cross court. A further 50 balls were sent (35 balls/min) following a 
short rest period. Plasma glucose increased by 8.9% and decreased by 11.6% and 
7.3% in the CHO, water and no fluids trials respectively. Total points for the CHO 
trial were 10.2% higher than in the water trial and an 11.6% improvement in power 
was observed over the trial in CHO versus 1% in the water trial. Players' shots into 
the net (errors) increased in thermal dehydration (100%), water (44.8%) and no fluids 
(20.6%) trials with a decrease in net shots of 21.6% and 15.8% in the CHO and 
control trials respectively. Thus through maintaining body weight and plasma glucose 
with the CHO drink, the amount of error was decreased and skill was maintained over 
2 hours simulated matchplay. 
Performance improvements were also observed in a study by Vergauwen et al. 
(1996). Players underwent a "Leuven tennis test" consisting of 50 rallies: Ist and 2nd 
serves were followed by returning 5 halls from the ball machine to random targets on 
the court, programmed by the machine, to elicit neutral, defensive and offensive 
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tactical situations and the percentage of errors, ball velocity and distance to sideline 
and baseline. A 70 in shuttle run was then performed followed by a 30 min rest and a 
standardised 2h strenuous training session finishing with the repeated "Leuven tennis 
test". A velocity precision (VP) and velocity precision error (VPE) index were used 
to account for velocity, placement and error respectively. The shuttle run, first serve 
and defensive rally performance declined over the trial. The first serve, percentage 
errors and VPE decreased more in the placebo than in the CHO trial. Ball quality was 
positively affected by CHO as shown by the VP index and the increase in errors and 
decrease in balls reached in the placebo trial. Second serve, neutral rallies and volleys 
were not affected. Thus decreasing times in the placebo shuttle run and the less balls 
reached, would suggest that tennis players would benefit from CHO supplementation. 
McCarthy et al. (1995) studied the effects of ingesting a 6.9% CHO-E beverage 
(2ml. kg-1 BW @ 15 min intervals) and a flavoured water placebo, upon tennis 
performance (service velocity, fan drill speed, percentage points won and lost) during 
105 min matchplay (3 min service games). There were no differences in performance 
between trials, however, blood glucose concentrations were higher in the CHO-E trial 
after 51,69 and 87 min v resting concentrations in the placebo trial, respectively and 
furthermore between blood glucose concentration at rest v 69 min in the CHO-E trial. 
Ferrauti et al. (1992) observed the effects of ingesting two meuslix bars containing 
19g CHO, 1.3g fat, 1.3g protein, 15 min and 45 min pre-150 min matchplay (clay 
court) and the metabolic response to a 270 min tennis match (indoors 150 min + 30 
min rest continued for 270 min) without supplementation respectively. After 150 min 
and 75 min, capillary blood glucose levels declined by 4.3% and 6.8% indoors and on 
clay respectively. Following 150 min matchplay in the no CHO trial blood glucose 
concentration stabilised in the recovery period and further declined by 11.8% in 
subsequent play. Free fatty acids increased throughout all trials with the greatest rise 
reported in the nutritional supplement groups. Plasma urea increased after 150 min 
indoor matchplay. It was concluded that although the glycogen resources may be 
sufficient to cover the energy demands of 150 min matchplay, further matchplay 
could not be supported without CHO ingestion. 
The former research was contradicted by Mitchell et al. (1992) who studied two, three 
hour tennis matches (continuous matchplay with 90s change overs and 5 min rest @ 
60 and 90 min) in which either a glucose polymer (7.5g/100ml) or a water placebo 
were ingested (I l. 4ml. kg-t. h-1) every 15 minutes (208.4 ± 44.3 mlll5min, total 
2501 ml) throughout respectively. Before and after each match, performance measures 
of service velocity (mean of 5 fastest serves from 10) and a 183m timed shuttle run 
40 
(baseline to net) were carried out. Serve percentages and unforced errors were also 
charted. Both lst serve percentage (possible learning effect) and shuttle run time 
increased and serve velocity decreased over time with no condition effect. Unforced 
errors and 2nd serve percentage were unaffected. Blood glucose concentrations were 
31% lower (8.11 mmol. 1-1 (CHO) v 5.59 mmol. 1-1 (P)) at 60 min in the placebo and 
differences were also present after 120 min of tennis play verses rest in the CHO 
condition. Severe dehydration was prevented in both conditions with body weight 
losses over the matches of -1.1kg (CHO) and -0.9kg (P) respectively. Although the 
performance parameters showed some form of fatigue it was concluded that the lack 
of influence of CHO may not warrant its supplementation during tennis matchplay. 
2.10 FLUID INGESTION, DEHYDRATION AND PERFORMANCE 
It is well known that dehydration of as little as 3% body water can result in detectable 
changes in physiological function, which have been shown to decrease performance 
of the arms and legs in anaerobic exercise (Corrigan et al. 1984). Furthermore a sweat 
loss of 1.9% body weight was associated with a decreased endurance performance of 
22% and decreased V02 max by 10% (Craig and Cummings, 1976). Despite the same 
aerobic work capacity, after dehydration a significantly greater decline in the capacity 
to perform extended (2-6 min) heavy work was reported (Saltin, 1964). Walking 
exercise time was also seen to decline by 48% with fluid restriction (4.3% BW loss) 
and by 22% without restriction (1.9% BW loss) (Craig and Cummings, 1966). A loss 
of body weight of 2.6 ± 0.5% through thermal dehydration and subsequent 
rehydration was shown to have an effect on mood, but not on choice reaction time 
(Smith et al. 1995). 
Despite the abundance of research upon prolonged and intermittent exercise (Table 
2.7), relatively little research has been conducted on the tennis court concerning the 
effects of weight loss and the reflected fluid losses upon tennis performance. Matches 
and simulated match conditions ranging from 1-3 hours were reported to be 
associated with fluid losses in the range of -1.3% to -2.7% (Table 2.8). 
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Table 2.8: Body mass losses incurred through tennis matchplay. 
Study n Match Fluid intake Body mass loss 
length 
Burke and Ekblom (1982) 10 2 hours 1515m1. h-1 -1.1% BM 
no fluids -2.7% BM 
Dawson et al (1985) 81 hour 250 ml -1.3% BM 
Therminarias et al (1991) 19 2 hours 520 ±I ml -2.7 ± 0.2% BM 
1550 ± 20m1 fluid 
loss 
Kavassis (1993) 24 90 min 4.44 - 6.81 ml. kg. h-1 0.65 - 1.0% BM 
200-300m1. h-1 
Mitchell et al (1992) 12 3 hours 11.5m1. kg. h-1 -1 - 1.5% BM 
(2501 ± 44.3 ml) 
Bergeron et al (1995b) 20 0.9-2.4h 1.7 ± 0.51. match (M) 2.7 ± 0.8 l. match (M) 
3 days play 1.3 ± 0.61. match (F) 1.7 ± 0.61. match (F) 
Bergeron (1996) 1 1.8 hours 1.81. h-I - 1.4% BM 
(3.3 litres) Sweat rate 2.51. h-i 
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2.11 RECOVERY FROM CONTINUOUS AND INTERMITTENT EXERCISE 
The post exercise recovery period was defined by Devlin and Horton (1989) as 'the 
transition from acutely catabolic phase during exercise to the anabolic phase post 
exercise'. 
2.11.1 MUSCLE GLYCOGEN SYNTHESIS DURING RECOVERY 
A good relationship exists between initial glycogen levels and work capacity 
(Bergstrom et al. 1967), thus the high rate of glycogen repletion during recovery is of 
utmost importance when performing daily severe exercise (Blom et al. 1987). 
Effect of exercise type 
Glycogen restorage following two trials of 3 successive days of either cycling or 
running at 75% V02 max was compared by Pascoe et al. (1990). Muscle glycogen 
used in the vastus lateralis muscle (59.0 ± 5.1 Ammol. kg-lww) from cycling was 
greater than that used in the gastrocnemius muscle from running (45.1 ± 2.9 
Ammol. kg-lww). Significant reductions in muscle glycogen were observed from days 
1 to 3 and 2 to 3, with a greater reduction in type 1 fibres of both muscles. A greater 
reliance upon lipid metabolism was observed towards day 3. A significantly greater 
glycogen restorage was observed in the cycling compared with running, but between 
days 1 and 2 (55 ± 6.4 vs 38.1 ± 5.5 Ammol. kg-lww) respectively. Following resistive 
exercise (9 sets, single leg knee extensions @ 70% 1 RPM to 50%) Pascoe et al. 
(1993) reported a greater rate of glycogen reynthesis in a CHO trial (1.5g 23% 
CHO. kgl BW @ 0,1h post exercise) of 91% versus the same quantity and frequency 
of water intake (75%) after 6 hours recovery respectively. 
When swimming training was increased by 110% for 10 days, muscle glycogen 
depletion was reported to increase by 15.60 (day 0- day 11). Performance was 
however not affected over this time period (Costill et al. 1988). 
Tennis recovery studies have not been conducted. Thus intermittent exercise recovery 
studies may provide some indication of the recovery processes from an activity such 
as tennis. Following high intensity intermittent exercise (1 min cycle with 3 min rest 
for 5 min 55s-16 min 40s) at 140%'c VO-) max, MacDougall et al. (1977) reported 
small reductions in muscle glycogen of - 28% of pre exercise values at exhaustion. 
Complete muscle glycogen repletion occurred within 24 hours without dietary 
influence (3,10O kcal mixed diet of 50`ßc CHO versus same diet plus 2,500kcal CHO). 
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Leatt and Jacobs (1987) also found no dietary influence upon muscle glycogen 
repletion (19.8% (CHO), 6.6% (placebo)) of a 7% CHO-E beverage (5 x 400ml) 
taken during 19 hours recovery from an 11 a side soccer match. 
Multiple sprint sports such as the game of soccer were simulated by Bangsbo et al. 
(1992), whereby a 46 min standard field protocol of standing, walking, jogging, 
running backwards, sprinting and medium to high speed runs were conducted. A 14 
min rest and a treadmill run to exhaustion at relative work rates of 65%, 57% and 
81% V02 max followed. The administration of a high CHO (65% CHO) as opposed 
to a mixed diet (39% CHO), improved performance. Nicholas et al. (1994) observed 
the 22 hour recovery from a multiple sprint sport simulated two part protocol, Part A: 
15m intermittent shuttle sprints with walking for 70 min followed by Part B: 
intermittent running at 55-95% V02 max to exhaustion with two recovery diets. 
Through increasing the dietary CHO intake from 5.5 to 10.0g. kg-1 BW versus an 
isocaloric diet of fat or protein, performance times were improved in the former with 
little influence of diet upon blood parameters. 
Nevill et al. (1990) used a similar simulation with 30 x 6s sprints on a non motorised 
treadmill. A 54s walk at 20% maximum speed and a 60s jog at 40% maximum speed 
followed each sprint. Three groups repeated the test 24h following a high (79 ± 3% 
CHO), low (12 ± 1% CHO), or medium (47 ± 8% CHO) diet. Although mean power 
output (MPO) declined by 8.8% in all subjects over the trial, dietary intervention only 
affected the metabolic responses. 
2.11.2 THE PATTERN OF POST EXERCISE GLYCOGEN SYNTHESIS 
Immediately after exercise there is a rapid glycogen resynthesis (-4-6 hours) where 
the first 2 hours are the most rapid. This is followed by a longer slower phase which 
can last up to 2-3 days following prolonged severe exercise. Thus muscle glycogen 
synthesis post exercise is biphasic (Ivy, 1991). 
Glycogen synthase (GS) is the rate limiting step in the synthesis of glycogen (Pascoe 
and Gladden, 1996). Two forms of GS exist, an inactive D form (GSD) which is 
dependant upon G-6-P for its' activation and an independent I form (GSI) (Ivy, 1991). 
Contributing to the rapid phase is the conversion of GS from the D to I form and 
secondly an increase in the muscle cell membrane permeability to glucose and an 
increased sensitivity to insulin. The slow phase of synthesis is less well understood 
and is thought to be related to the GSD form and thus an increased sensitivity to the 
activation of G-6-P (Ivy, 1991; Kochan et al. 1979; Kochan et al. 1981). 
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Primarily there is an inverse relationship between muscle glycogen and GSI activity. 
This was exhibited by Zachwieja et al. (1991) whereby muscle glycogen was depleted 
in one legged exercise (30 min - small depletion (SD) or 10 x1 min sprints followed 
by 30 min - large depletion (LD)). Following exercise CHO was administered every 
20 min for 6 hours (0.7gCHO. kg-1 BW). GSI activity was inversely related to the 
amount of glycogen in the muscle, showing an increased GSI activity in LD as 
opposed to SD both immediately and 2h into recovery. 
Glucose enters the muscle cell via glucose transporter proteins. The two found in the 
muscle are called GLUT 1 and GLUT 4, with the former in small amounts and the 
latter, responsible for glucose increase in response to insulin and muscular contraction 
(Pascoe and Gladden, 1996). Thus glucose uptake is stimulated via GLUT 4 which 
moves from an intracellular pool to the plasma membrane of skeletal muscle. 
2.11.3 INFLUENCE OF CARBOHYDRATE INGESTION ON RECOVERY 
FROM EXERCISE 
By simply varying the type of diet post exhaustive exercise, different muscle 
glycogen levels are possible in the same individual (Bergstrom et al. 1967). 
Quantity of carbohydrate 
Fallowfield et al. (1995b) utilised a protocol of 90 min running at 70% V02 max 
followed 4h later with a repeated run to exhaustion at the same relative intensity. Two 
recovery CHO-E drinks were prescribed, either lg. kg-1 BW of a 6.9% CHO-E 
solution (138.0 ± 9.8g CHO) or the same volume of a flavoured water placebo (15.5 ± 
0.8g CHO) at 0 and 2 hours recovery. Run times for the CHO group in trial 2 
improved by 55% (22.2 ± 3.5 min). Neither blood glucose nor lactate differed 
between conditions over trial 2. Fluid losses of 2.6% were not recovered throughout 
recovery and did not differ between groups. It was suggested that the control group 
relied more upon fat oxidation and protein catabolism late in trial 2 as opposed to the 
CHO group. 
A recovery period of 22.5 hours was also studied by Fallowfield and Williams (1993) 
following the same protocol as trial 1 above. Performance was maintained when a 
recovery diet of 8.8gCHO. kg-1 BW was administered, however, when only an 
isocaloric recovery diet was ingested as the control, performance was reported to 
decrease by 15.6 min. Gollnick et al. (1974) reported glycogen resynthesis to begin 
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immediately post exercise restoring pre-exercise muscle glycogen 46 hours post 
initiation of a 60% CHO diet (4000kcal/24h). 
Muscle glycogen was depleted by running at 62% V02 max for 15 min followed by 
75% V02 max for 15 min repeated 4 times (Ivy et al. 1988b). Immediately and 2 
hours post exercise, 0,1.5 or 3.0g. kg-1BW of a 50% glucose polymer were provided. 
It was concluded that supplementing the recovery diet with 1.5gCHO. kg-1BW was 
sufficient to restore muscle glycogen and the ingestion of 3g. kg-1 BW was not 
necessary. In contrast to this finding, Kirwan et al. (1988b) reported a high CHO 
recovery diet of 8g. kg-l. day to be insufficient in the prevention of muscle glycogen 
depletion when training load was increased over a five day period. 
Costill et al. (1971) showed a greater muscle glycogen resynthesis rate 24 hours post 
exercise. The exercise involved averaging 72.5 min at 80% V02 max, followed 45 
min post run by a V02 max continuous running test, on 3 successive days, when 150- 
650gCHO/day was ingested. Furthermore when 188-648gCHO/day were consumed, 
more muscle glycogen was resynthesised than with lower rates of CHO ingestion 
(Costill et al. 1981). 
A review paper by Sherman (1992) reported that by consuming between 9 to 
16gCHO. kg-IBW. dayl after prolonged exercise, muscle glycogen stores can be 
restored after a 24 hour recovery period. However, if this rate is not maintained, the 
rate of muscle glycogen synthesis is reported to be low (less than or equal to 3.2 
mmol. kg. h-1). 
Type of carbohydrate 
The nature of the CHO ingested also has an effect on the resynthesis of muscle 
glycogen (Blom et al. 1982,1987; Burke et al. 1993b; Costill. et al., 1981; Coyle and 
Coyle, 1993; Kiens et al. 1990; Sherman, 1992). The rate of glycogen synthesis is 
however, independent of whether a solid or liquid form of CHO is ingested during 
recovery (Coyle and Coyle, 1993; Reed et al. 1989). 
The glycaemic index (GI) is the extent to which blood glucose is elevated above basal 
levels following the ingestion of 50g of CHO (Coyle and Coyle, 1993). Furthermore, 
there is no indication that moderate glycaemic foods are less effective than high 
glycaemic foods at synthesising muscle glycogen (Coyle and Coyle, 1993). This was 
contradicted by Burke et al. (1993b) who stated that supplements which provided 
high-GI carbohydrates were the most capable of providing greater glycogen storage. 
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The study conducted oy Kiens et al. (1990) compared high-GI, low fibre rich 
carbohydrates and low-GI fibre rich foods during 20-h recovery. During the first 6h 
of recovery a greater resynthesis rate was observed in the high-GI diet. However 
following 20-h of recovery the two diets provided similar rates of glycogen repletion. 
This contrasts with the results from Costill et al. (1981) when either complex or 
simple carbohydrates were ingested in the recovery period following strenuous 
running. The type of CHO had no effect on the change in muscle glycogen during the 
first 24-h post-exercise. However during the second 24-h, the complex CHO trial saw 
higher levels of muscle glycogen, which may have been associated with the 
maintained elevation of serum insulin observed (Costill et al. 1981). 
Blom et al. (1982) made comparisons between the ingestion of the simple sugars 
glucose, sucrose and fructose (0.7g. kg-1 BW) taken every 2nd hour of a 6h recovery 
period from exercise at 70% V02 max to exhaustion. The rate of muscle glycogen 
synthesis was similar in both glucose and sucrose, whereas fructose was slower. 
Similar results were observed when subjects consumed either low (0.35gCHO. kg-I), 
medium (0.7gCHO. kg-1) or high (l. 4gCHO. kg-1) quantities of either sucrose, glucose 
or fructose following exercise to exhaustion (Blom et al. 1987). The 0.35gCHO. kg-1 
and 0.7gCHO. kg-1 CHO trials produced an increased rate of synthesis with no further 
benefit of ingesting the 1.4gCHO. kg-1" Furthermore the rates of synthesis were 
similar for the sucrose and glucose trials (0.7g. kg-1 CHO ) and were approximately 
twice that of fructose ingestion. 
Timing of carbohydrate ingestion 
The frequency of CHO ingestion during recovery was studied by Costill et al. (1981). 
A selection of low, mixed, and high CHO meals were administered in two or seven 
meals respectively. No differences were observed in the restoration rate of muscle 
glycogen with different frequencies. This result was further supported by Burke et al. 
(1993a). Carbohydrate was administered as 4 large meals or snacks at either 0,4,8, 
20 hours recovery or at hourly intervals throughout 24 hours of recovery. Both groups 
synthesised similar amounts of glycogen. 
Ivy et al. (1988a) examined the rate of muscle glycogen synthesis following a 70 min 
cycle (6 x8 min @ 68% and 2 min @ 88% V02 max, 10 min @ 68% V02 max). A 
25% glucose polymer solution was administered (2g. kg-1 BW) either immediately 
(EX) or 2 hours post exercise (EX2). The rate of muscle glycogen synthesis in EX 
during 0-2 hours of recovery was 3 times greater than EX2 and 45% slower than EX2 
during 2-4 hours recovery which was 67% faster. Glycogen synthase concentration 
remained high in both conditions suggesting that the cause for increased glycogen 
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synthesis in EX may have been related to the high levels of blood glucose and lactate 
caused by the repeated high intensity sprints. The slower synthesis rate in EX2 may 
have been related to a lower uptake of muscle glucose. 
Coyle (1993a) states that muscle glycogen synthesis is close to optimal (5-7% per 
hour) when at least 50g of glucose is ingested every 2 hours of recovery. Even in the 
absence of CHO ingestion during recovery, muscle glycogen stores may be 
replenished to 50% of pre exercise values within 12 hours recovery (Devlin and 
Horton, 1989). This was further supported by Maehlum et al. (1978). Subjects 
exercised at 70% V02 max to exhaustion; glucose was either ingested 15 min post 
exercise (100g in 170 ml water) or administered via catheter (100g CHO) following a 
14-15 h recovery fast. Glycogen resynthesis still occurred over the 14-15 h fast 
recovery period (19.6 ± 2.8 - 44.0 ± 5.0 mmol glycosyl U/kg wet wt) and furthermore 
post glucose infusion. It was suggested therefore that nearly all of the extra glucose 
released from the splanchic bed after exercise is utilised in glycogen synthesis. 
Hepatic glycogenolysis and gluconeogenesis seem likely precursors to glycogen 
synthesis in the absence of glucose provision immediately post exercise. When CHO 
is administered immediately post exercise, muscle glycogen repletion may take 
priority over hepatic glycogen repletion, whereby a large fraction of exogenous 
glucose may escape hepatic retention in order that muscle glycogen may be 
replenished (Bielinski et al. 1985). 
This review of tennis physiology and related literature, although not exhaustive, has 
attempted to address some of the research to date, which is pertinent to the tennis 
studies in the current thesis. 
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CHAPTER 3 
GENERAL METHODOLOGY 
The current work comprises a developed skill test and three experimental studies, 
with the addition of two pilot studies in match analysis and weight loss respectively. 
Prior approval of the University Ethical Advisory committee was obtained and 
subjects gave their signed consent to participate, after being informed of the possible 
risks and discomforts. A medical history questionnaire was completed by all subjects 
(Appendix A). The discomfort experienced throughout all tests was minimal and 
tolerable. If a subject reported or appeared unduly distressed, the trial was terminated. 
3.1 DIETARY ANALYSIS AND PRESCRIPTION 
For the two days prior to the start of each trial, subjects weighed and recorded their 
intake of food and drink in a food record diary (Appendix B). This diet was replicated 
for the two days, prior to subsequent trials for studies 1 and 2 respectively. During 
study 2, the food diary was utilised to analyse the nutritional content of the subjects' 
normal diet (Paul and Southgate, 1978). Dietary prescription during the recovery 
period was based upon these results. For the 22 hour recovery period each subject was 
prescribed a diet using the system of food exchanges (Appendix Q. 
Subjects were told to refrain from alcohol consumption and training for one day prior 
to any preliminary testing and for two days prior to each trial and where applicable, 
during the 22 hour recovery period between trials. All trials were performed 
following an overnight fast of approximately ten hours. 
3.2 HEART RATE MEASUREMENT 
A short range telemetry system (Polar Sportstester` "' model KAYTTO 400) to 
monitor heart rate throughout the trials, was fitted onto each subject and a resting 
heart rate was recorded. The system was attached to the chest by a strap and consisted 
of a transmitter, which recorded the subjects' heart rate and transmitted 
electromagnetic signals to a watch receiver. The receiver had the capacity to store 
values every 5.15 or 60s and set upper and lower heart rate limits, corresponding to a 
fast and slow transmitted bleep respectively. The sampling frequencies utilised were 
15s. Players were asked to press a button on the watch which linked through to the 
memory, providing details of the time of each press and the intermediate time 
between presses. 
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HEART RATE ANALYSIS 
Heart rate data was downloaded post-trial using the Polar heart rate analysis 
software TM (Version 4.0) via an interface unit into a Macintosh computer. Once 
downloaded, a graph of the trial heart rates was displayed. A vertical marker on the x- 
axis was exhibited for each time the subject pressed the red button on the transmitter. 
By placing the mouse cursor onto each of these vertical markers, the time at which the 
subject pressed the red button on the transmitter was revealed. From these times the 
different stages of the testing was apparent i. e. the start and stop times of each phase 
of exercise / rest. A mean heart rate for each bout of exercise / rest was calculated for 
every subject through using heart rate listings and intermediate times. Furthermore, a 
group mean from all of the subjects' heart rates for each exercise and rest bout was 
determined. The subjects' percent heart rate maximum (%HRmax) was calculated for 
every exercise and rest bout from each mean and a group mean for %HRmax was 
obtained. The reader is referred to the experimental studies for the statistical methods 
of analysis and graphical representations. 
3.3 PERCEPTUAL SCALES 
The rate of perceived exertion was achieved through the use of the Borg scale 
(Appendix D). Further scales of abdominal discomfort and gut fullness were also used 
(Appendices E and F). 
3.4 BLOOD SAMPLING AND ANALYSIS 
Capillary blood samples (20µ1) were obtained in duplicate from the thumb using an 
Autoclix (Boehringer Mannheim) and calibrated micro-pipettes (Dade Diagnostic 
Inc. ) in all of the experimental studies. These were deproteinised in 200 p1 of 
perchloric acid. The precipitate were separated by centrifugation (Eppendorf Model 
5412) and were stored at -20°C until analysed. Samples were analysed at the same 
time, at the end of testing in order to avoid inter-assay error. Blood glucose 
concentrations were determined using the GOD photometric method outlined by 
Werner (1970). Blood lactate concentrations were determined by means of the 
Olson's modified fluorimetric method as described by Maughan (1982). Assay details 
for both of the aforementioned are outlined in Appendices G and H. 
3.5 TENNIS TESTING 
Match statistics reported by Schönborn (1994) have shown the shot distribution 
during matches on fast, medium and slow paced surfaces to be high in the 
groundstrokes (37%, 54%, 6617c) and service (44%, 34%, 25%), and low in the volley 
(16%, 9%, 7%) respectively. Thus a total of 6 tennis skill tests were developed in 
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these most utilised strokes i. e. service and groundstrokes: service to the right court 
(SR), service to the left court (SL), down the line forehand (DLFH), down the line 
backhand (DLBH), cross court forehand (XCFH) and cross court backhand (XCBH). 
The consistency, accuracy and number of errors (out) of each of the above shots can 
be derived when hitting towards a target. 
3.5.1 COURT SURFACE 
All testing was conducted indoors. The court surfaces used in the first, second and 
third studies were PulasticT" (medium pace), wood (fast pace) and En-tout-casT"' 
Matchplay" (medium pace) respectively. The former and latter surfaces were green 
with white lines and the wood surface was a natural varnish with white lines. The 
court sizes complied with the current L. T. A. rules and regulations. 
3.5.2 TENNIS BALLS 
Brand new Slazenger XLT"' or Wilson US Open 2Tm pressurised tennis balls were 
issued every two trials. On repeated trials, the state of the balls supplied were similar. 
Approximately 90 balls were required per trial. 
3.5.3 BALL MACHINE 
A Lobmaster 'Poplob'TM ball machine (220v, 50/60Hz, 900W) was utilised to feed 
tennis balls over the net. This machine was always set to neutral thus sending balls 
with relatively little spin (flat hit). Prior to each trial the ball machine was aligned and 
set (using previously placed court markings) so that every trial commenced with a 
ball to the subject's forehand side, landing in the court at a similar length and width. 
Reliability of the ball machine 
The reliability / accuracy of feeds from this ball machine was tested prior to its use in 
the main tests. Brand new tennis balls were propelled from the machine towards a 
designated target area, in the right and left sides of the rear court. L. T. A. qualified 
coaches regarded this area, measuring 7 foot x7 foot (2.1 in x 2.1 m) as the most 
suitable area for balls to bounce as a feed, for prospective subjects. The ball machine 
was directed to feed balls alternating to the right and left sides, at a frequency of 15 
balls per minute. Six trials of 30 balls (180 balls in total) were administered. The 
number of balls landing on and off the targets were recorded. The Chi-square one 
sample test with single observations on one variable was calculated for both the right 
and left sides respectively. The expected frequency was 30 balls. No differences were 
apparent between the six single trials, with values of Chi = 5.8 and Chi = 7.6 in the 
right and left sides respectively (Appendix I). Thus the ball machine was reliable at 
feeding balls to the specified areas tested. 
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3.5.4 RACKETS 
All subjects used their personal rackets with their own string composition and tension. 
These rackets complied with the L. T. A. rules and regulations of the current year. If a 
string broke during a trial, subjects used their second racket (as in a real situation) of 
the same brand with a similar string tension and composition. 
3.5.5 TARGETS 
All targets were made by the investigator, from a white cotton twill material to the 
dimensions of 5 foot square (1.5 m square) and 13 foot x2 foot (4.0 mx0.6 m) for 
the groundstrokes (targets A and B) and service tests (targets C and D) respectively. 
These were secured to the court with white carpet tape and or white weights in each 
corner. 
Logical validity of the targets 
Four L. T. A. Part II qualified tennis coaches were asked to aim at different sizes of 
targets placed in the rear corners of the singles court. Target sizes were 2 foot square, 
3 foot square, 4 foot square, 5 foot square and 6 foot square. The coaches' subjective 
views were, that the 5 foot square target was difficult but possible to hit whereas the 
target areas larger and smaller than this were too easy or too difficult respectively. 
Furthermore Jones (1971) stated that if a player hit to within 4-5 foot from the 
baseline the angles available to the opponent were diminished. 
3.6 SKILL TESTS FOR ACCURACY AND CONSISTENCY 
3.6.1 WARM UP 
Prior to any on court testing, subjects performed a four minute warm up against the 
ball machine which alternated feeds to the forehand and backhand sides at a 
frequency of 15 balls per minute. Players were expected to use this period to return 
groundstrokes at their warm up pace in any direction. Furthermore players had a one 
minute service warm up which included both the right and left service courts. 
3.6.2 GROUNDSTROKE TEST 
Target A was placed in the back court area of the singles court (Figure 3.1). 
Following the warm up, the ball machine fed four practice balls to the subjects 
alternating from the forehand to the backhand sides (15 balls per minute). Subjects 
aimed their returns over the net towards this target, in the order of forehand down the 
line then backhand cross court. The ball machine then fed twenty balls in the same 
format for the actual test. Players were asked to aim the balls further than the service 
5) 
line, in their own style, at match pace and to maintain this style and pace throughout 
the test (and re-test periods) where applicable. The procedure was immediately 
repeated with subjects aiming forehands cross court and backhands down the line 
towards a new target, B. 
3.6.3 SERVICE TEST 
Target C was introduced and placed at the deepest portion of the right service box. 
Subjects served three practice balls over the net aiming towards the target and within 
the right service court. Subjects were required to hit first serves in their own style and 
to maintain that style and pace throughout. Subjects then served 10 actual test serves. 
This serving procedure was repeated into the left service court, aiming at a new target, 
D. 
3.6.4 SCORING OF THE TESTS 
For the groundstroke tests the ball had to land within the singles court and within an 
imaginary extension of the centre line. The consistency of the players' shots to both 
the right and left court areas consisted of a ball which landed anywhere in the area 
outlined above (excluding the target). The accuracy score was derived by the number 
of balls that hit the target for each respective side (down the line or cross court). Any 
ball landing in the net or any other area than that specified above was out and 
contributed neither to the consistency nor accuracy scores. 
For the service tests to the right and left courts, the scoring procedure outlined 
previously was applied to the respective service box areas and targets. 
If the ball hit the net during any of the tests, that ball was replayed and the net ball 
was not counted. 
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3.6.5 ANALYSIS OF THE SKILL TEST SCORES 
The raw scores for each of the 6 skill tests for each subject were converted into 
percentages, whereby consistency + accuracy + out scores equalled 100%. Thus the 
skill parameters outlined in table 3.1 were formed for each subject. 
Mean percentage scores were calculated for each of the above parameters and where 
applicable graphically represented. The raw percentage scores were used in statistical 
analyses (outlined in each respective study). 
3.6.6 RELIABILITY OF THE TENNIS TESTS 
The subjects were 10 Loughborough University male and female 'elite' tennis players 
(age 22.8 ± 0.9 years (Mean ± S. E. )) who had all reached senior county standard. The 
mean environmental conditions were dry temperature 18.0 ± 1.0°C, relative humidity 
42 ± 3%. The above skill tests were conducted by the subjects in the morning and 
were repeated again in the afternoon. Ideally the duration between the testing and re- 
testing should have been longer, however problems were incurred with subject and 
court availability. Nevertheless this was beneficial, due to the fact that the tests in the 
experimental studies were administered on the same day, thus replicating the 
conditions in the reliability tests. 
A one factor analysis of variance (ANOVA) for repeated measures was used to 
determine the test, re-test reliability estimates in the above skill tests. The majority of 
the skill tests were reliable with estimates ranging from 0.3 to 0.9 and from 0.5 to 0.7 
in the groundstroke and service tests respectively (Appendix J). 
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TABLE 3.1 
SKILL TEST PARAMETERS 
FOR THE GROUNDSTROKES AND SERVICE 
Abbreviation Stroke 
XCFH Cross court forehand 
XCFHC Consistency 
XCFHA Accuracy 
XCFHO Out 
DLFH Down the line forehand 
DLFHC Consistency 
DLFHA Accuracy 
DLFHO Out 
XCBH Cross court backhand 
XCBHC Consistency 
XCBHA Accuracy 
XCBHO Out 
DLBH Down the line backhand 
DLBHC Consistency 
DLBHA Accuracy 
DLBHO Out 
SR Service to the right court 
SRC Consistency 
SRA Accuracy 
SRO Out 
SL Service to the left court 
SLC Consistency 
SLA Accuracy 
SLO Out 
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3.6.7 VALIDITY OF THE TENNIS TESTS 
Four experienced tennis coaches ranked the 10 players, used in the reliability tests, on 
their tennis playing ability. Through using the Kendall's coefficient of concordance 
(W) the coaches rankings and level of agreement was found to be objective 
(Appendix K). Players scores in all of the skill tests were ranked, whereby 1 was 
assigned to the highest ranking and so on. The Kendall's rank order correlation for 
data at the ordinal level was utilised to determine the validity coefficient for each skill 
test (Appendix L). The validity of the test would be reflected if the best player 
achieved the best score on the test. However low concurrent validity was found. The 
test developed, measured open skills in a closed controlled environment. However, 
the performance of open skills in an open environment may change. Subjective 
rankings from coaches of the players was hard to achieve especially when we were 
dealing with such a small, 'elite' homogenous sample. The aim of the tests however, 
were not to compare individuals with each other with respect to their ability but more 
to determine their ability to aim deep at a target (accuracy) and to keep the ball in 
(consistency). 
One of the main tactics utilised in tennis is to hit a deep ball into the corners and this 
test measures this. A deep service will place pressure upon the opponent forcing them 
play a defensive shot, thus the reason for aiming at a target placed deep into the 
corners of the service box. Furthermore Groppel (1992) suggests the four main skill 
components of tennis to be control, consistency, depth and power. An attempt has 
been made to measure the first three. Logical validity of the tests was assumed. 
Tennis skill tests developed previously were thought to be unsuitable for use in a 
physiological testing environment as they were static in nature and did not provide a 
close to game simulation with a movement component. 
3.7 SKILL SCORING AND ANALYSIS THROUGHOUT THE 
PERFORMANCE TESTS (PT) IN THE EXPERIMENTAL STUDIES 
Throughout the performance testing, the skill parameters in the groundstrokes of 
consistency, accuracy and out (outlined previously), were assessed. The same scoring 
and court boundaries were applied. In the first two studies the skill scores were 
recorded for each exercise bout. The number of consistency, accuracy and out scores 
within each bout for each subject were counted and converted into percentage scores 
whereby consistency + accuracy + out scores equalled 100%. Mean group percentage 
scores for consistency, accuracy and out in each bout were determined for the 
groundstrokes and were graphically represented. The raw percentage scores were 
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used for statistical analyses (outlined in each respective study). In order to overcome 
absolute differences in time to exhaustion, the dependent variable (time) was altered 
(relative to the point of exhaustion) so that the statistical sampling points were taken 
at the start, quarter way through PT (1/4PT), half way through PT (1/2PT), three 
quarters way through PT (3/4PT) and at exhaustion. 
3.8 PRELIMINARY TESTS 
In experimental studies 2 and 3aL. T. A. recognised fan drill test was adapted into a 
tennis hitting sprint test in order to obtain the subjects' HRmax- Subjects performed 
the adapted fan drill as fast as they could, followed by a 10 s recovery period and 
repeated this sequence until HRmax was achieved. Through setting the heart rate 
limits at 185 b. min-1 on the Polar Sportstester watch provided an indicator of when 
subjects were close to reaching their maximum. The sampling frequencies were set 
for every 5 s. This test is illustrated and described in Figure 3.2. 
In experimental study 3, maximal oxygen uptake was estimated by means of the 
progressive multistage shuttle run test following speeds determined by Ramsbottom 
et al. (1988) according to the original study of Leger and Lambert (1982). All of the 
subjects performed the test together in a large sports hall over a distance of 20-m. 
Subjects performed a timed 10 min warm up of their own, which consisted of running 
and stretching. Subjects were informed that this test was maximal and progressive and 
they should continue to run at the required pace for as long as possible. The test was 
terminated when they could no longer maintain the set running pace. Both the level 
and number of shuttle attained were recorded and maximal oxygen uptake was 
estimated using the table of predicted values exhibited in Appendix M. 
3.9 FAMILIARISATION 
In all studies subjects were introduced to the testing conditions and explained the 
protocol. Subjects were also familiarised with the ball machine. All of the subjects 
had playing experience on the surfaces utilised prior to the main trials. 
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3.10 STATISTICAL METHODS 
Parametric statistics were applied throughout this thesis. Nevertheless a comparison 
between the use of non-parametric and parametric statistics was advisable when 
working with a small sample size. Thus the data from study 1, which yielded 
differences with parametric statistics, was also analysed using non-parametric 
statistics (refer to 4.2.4). These non-parametric analyses were found to elicit the same 
results as those derived from parametric statistics. Furthermore in studies 2 and 3 
expert statistical advice was sought. The statistical designs in the above two studies 
were factorial whereby the assessment of interaction effects between variables was 
necessary. It was pointed out that parametric statistics permit this assessment far more 
readily than no-parametric methods. Thus parametric statistics were used. 
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CHAPTER 4 
THE INFLUENCE OF FATIGUE ON TENNIS PERFORMANCE. 
4.1 INTRODUCTION. 
Various tests of skilled tennis performance have been developed over the years 
(Beall, 1928; Burke and Ekblom, 1982; Caraugh, 1990a; Caraugh et al. 1990b; 
Dawson et al. 1985; Digennaro, 1969; Greene, 1976; Hewitt, 1966; Purcell, 1981; 
Wagner, 1935). Although the majority of these tests were reported to be both valid 
and reliable, various shortcomings exist with their use. Many lack the flexibility to be 
manipulated and placed into a controlled physiological protocol. Furthermore, few of 
these tests isolate the various tennis strokes so that they can be assessed separately. 
For this reason a tennis specific skill test was developed to attempt to overcome such 
shortcomings. 
A common perception exists that the onset of fatigue is accompanied by a decline in 
skill. No research to date has investigated the effects of fatigue on skilled tennis 
performance. However, research has shown fatigue to negatively affect motor 
performance (Aldermann, 1965; Fleury and Bard, 1990; Herbert and Wrisberg, 1976), 
reaction time (Salmela and Ndoye) and accuracy (Ivoilov et al. 1981; Hoffman et al. 
1992). Therefore the purpose of this initial study was to investigate the influence of 
fatigue generated by maximal tennis hitting upon skill performance. 
4.2 METHODS. 
4.2.1 SUBJECTS 
The sample consisted of 9 male and 9 female 'elite' tennis players who had all reached 
Senior County standard and were playing competitively at the time of the study. Their 
ages and physical characteristics are shown in Table 4.1. The Body mass Index 
(B. M. I. ) assessed subject's weight relative to height and was used as an indicator of 
total body composition and metabolic status. The data indicated that all subjects 
possessed a similar metabolic status and were within the desirable range of < 25 
kg/m2 (A. C. S. M. 1995). 
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TABLE 4.1 
PHYSICAL CHARACTERISTICS OF THE SUBJECTS 
Variable Whole group (n=18) 
n 18 
Age (yr) 21.5 ± 0.6 
Range 18.6-27.3 
Height (cm) 174.8 ± 1.9 
Range 161.0 - 190.0 
Body Mass (kg) 67.4 ± 2.7 
Range 48.7-77.2 
*BMI (kg/m2) 21.6 ± 0.5 
Range 18.1-23.4 
HRmax (b. min-1) 189 ±3 
Range 176 - 203 
Values are mean ± S. E. M. 
* Body Mass Index (BMI) = body mass (kg) / (height (m))2 
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4.2.2 PROTOCOL 
A diagrammatic representation of the experimental protocol is shown in Figure 4.1. 
Subjects performed a five minute warm up on an indoor acrylic surface, as outlined in 
Section 3.6.1. Reference is made to the methods used for heart rate collection and 
analysis in Section 3.2 respectively. 
All testing took place in the month of February. All trials were conducted following 
an overnight fast of 10 hours. Following a5 min rest subjects performed a skill test in 
the groundstrokes and service (STI), as described in Section 3.6. This was followed 
by an intermittent maximal hitting performance test (PT), consisting of 4 min 
maximal hitting bouts with 40s seated recovery (rec), repeated to exhaustion. Subjects 
were categorised as fatigued, when the required hitting frequency of 30 balls/min was 
not maintained for two consecutive feeds from the ball machine. Throughout the PT 
subjects aimed towards either target A or B (Fig. 3.1). The skill parameters of 
accuracy, consistency and out were continuously recorded as well as time to reach 
exhaustion (min). Time points corresponding to 1/4PT, 1/2PT and 3/4PT were 
calculated in relation to each subject's time to exhaustion and thus a mean value was 
obtained for each respectively. At the point of exhaustion the skill tests were repeated 
(ST2). The scoring format and data collection methods for the above skill tests and 
performance test are outlined in 3.6.4 and 3.7 respectively. 
Nude body mass was obtained pre- and post-PT and was adjusted for the volume of 
fluid ingested. Dry temperature (C) and relative humidity (%) were measured. 
Ideally, in a laboratory setting the dry temperature should be in the range of 20 to 
21 °C. However in the field setting dry temperature was lower (-16°C) and was not 
able to be controlled. Capillary blood samples, taken at rest, 5 min post-warm up, 
post-ST1 and 2, during the PT recovery periods and at the point of exhaustion, were 
analysed for blood glucose and blood lactate concentrations respectively. Perceptual 
ratings of exertion (RPE) were obtained in the PT recovery periods. Water was 
ingested (2 ml. kg-1. BM) after a5 min warm up, post-ST1 and at exhaustion. This 
corresponded to a total mean fluid intake of 400 ml. 
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4.2.3 BIOCHEMICAL ANALYSES 
Details of analyses of blood glucose and lactate are outlined in Section 3.4 and assay 
procedures under Appendices G and H. 
4.2.4 STATISTICAL METHODS 
A one factor Analysis of Variance (ANOVA) for repeated measures was used to 
measure the differences in physiological, perceptual and skill responses. The post hoc 
Tukey test established the location of the differences. Student's t-test for paired values 
was used to determine differences in pre- and post-nude body mass, pre- and post- 
skill test values (ST1 versus ST2) and heart rates in ST1 versus ST2. Non-parametric 
statistics were applied to the skill data which yielded differences with parametric 
statistics (refer to Appendix P). 
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4.3 RESULTS 
Mean environmental conditions throughout testing were: dry temperature 16.3 ± 
0.1°C and relative humidity 57.7 ± 3.1%. 
No differences were found in the changes in body mass values between males and 
females, after being corrected to the volume of fluid intake. Differences did occur, 
however, between the pre- and post-body mass values of the whole group and in 
males and females respectively (P<0.01) (Table 4.2) 
Mean heart rates are illustrated in Figure 4.2. The mean heart rates for STI and ST2 
were 132 ±4b. min-1 (69.8 % HRmax) and 151 ±3b. min-1 (80 % HRmax) 
respectively. Mean heart rates in the PT ranged from 186 ±2 to 190 ±2b. min-1 (98 
to 100% HRmax). A progressive increase in heart rate occurred between rest and all 
other values (P<0.01). Differences were found between post-warm up heart rates and 
all values (except ST1) (P<0.01) and between ST1 and all values (except post-warm 
up) (P<0.01). Furthermore, differences were observed between ST2 and all values 
(except rec HR at exhaustion) (P<0.01) and between 3/4 PT rec and exh. rec 
(P<0.05). Although no differences were apparent within bout and recovery heart rates 
throughout the performance test, differences were observed between all bout and all 
recovery heart rates in the performance test (P<0.01). 
Mean time to exhaustion was 35.4 ± 4.6 min and the mean times at 1/4 PT, 1/2 PT 
and 3/4 PT were 8.9 ± 1.2 min, 17.7 ± 2.3 min and 26.5 ± 3.4 min respectively. Mean 
scores for ST1 and ST2 are presented in Table 4.3. No differences were observed 
between ST1 and ST2 in the following tests: cross court forehand (XCFH), down the 
line backhand (DLBH), down the line forehand (DLFH), service to the left (SL) 
(consistency, accuracy and out) respectively. Additionally no differences were found 
in XCBH and SRA (consistency or out) scores. Scores in cross court backhand 
accuracy (XCBHA) (t=0.07) (P<0.07) and service to the right court accuracy (SRA) 
(t=2.07) (P<0.05) differed between STl and ST2 respectively. 
No differences were observed throughout PT in consistency or out scores (Table 4.4). 
Mean hitting accuracy (%) throughout PT are exhibited in Figure 4.3. Differences 
were established in accuracy scores between the start of PT versus 3/4 PT and 
exhaustion (P<0.01). No differences were detected between the first three bouts nor 
between the changes in skill values. 
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TABLE 4.2 
BODY MASS PRE- AND POST-TRIAL, CHANGE MASS AND 
FLUID INTAKE. 
Variable Males 
(n=9) 
Females 
(n=9) 
Whole group 
(n=18) 
Pre-mass (kg) 71.5 ± 1.8 * 60.6 ± 2.7 * 66.0 ± 2.0 * 
Post-mass (kg) 70.9 ± 1.7 60.0 ± 2.6 65.4 ± 2.0 
Post-mass (kg) 70.5 ± 1.7 59.7 ± 2.7 65.1 ± 2.0 
(fluid adjusted) 
Fluid intake (1) 0.4 ± 0.1 0.4 ± 0.0 0.4 ± 0.0 
Change mass (kg) -1.0±0.1 -1.0±0.1 -1.0±0.1 
Change mass (%) -1.4 ± 0.1 -1.5 ± 0.1 -1.5 ± 0.1 
Values are mean ± S. E. M. (n=18) 
`Significant difference between pre v post values (fluid adjusted) (P<0.01) 
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TABLE 4.3 
PRE- AND POST-PERFORMANCE TEST, SKILL TEST SCORES 
CONSISTENCY ACCURACY OUT 
(OUT OF 10) (OUT OF 10) (OUT OF 10) 
ST1 ST2 ST1 ST2 ST1 ST2 
XCFH 5.9 ± 0.4 5.6 ± 0.3 0.7 ± 0.2 0.9 ± 0.2 3.1 ± 0.4 3.5 ± 0.3 
DLBH 5.3 ± 0.4 4.8 ± 0.4 0.9 ± 0.2 0.9 ± 0.3 3.8 ± 0.4 4.3 ± 0.5 
DLFH 5.4 ± 0.3 5.6 ± 0.4 0.8 ± 0.2 0.9 ± 0.2 3.8 ± 0.3 3.4 ± 0.3 
XCBH 5.1 ± 0.5 4.8 ± 0.4 0.9 ± 0.2 * 0.6 ± 0.2 4.1 ± 0.4 4.7 ± 0.5 
SR 3.9 ± 0.5 4.7 ± 0.5 2.3 ± 0.4# 1.6 ± 0.3 3.7 ± 0.4 3.8 ± 0.5 
SL 5.1 ± 0.4 5.1 ± 0.4 1.7 ± 0.2 1.6 ± 0.3 3.3 ± 0.4 3.2 ± 0.4 
Values are mean ± S. E. M. (n=18) 
Significan t differences between ST1 and ST2 (P<0. 07*), (P<0.054) 
TABLE 4.4 
CONSISTENCY AND OUT (%) SCORES THROUGHOUT PT 
Start PT 1/4 PT 1/2 PT 3/4 PT Exhaustion 
Consistency 49.1±3.4 52.9±2.8 52.7±3.3 46.3±2.8 45.3±4.2 
Out 44.7±3.4 43.5±2.9 42.2±3.8 50.7±3.4 52.8±4.5 
Values are mean ± S. E. M. (n=18) 
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Mean blood glucose concentrations are illustrated in Figure 4.4. Mean resting blood 
glucose concentrations were 4.7 ± 0.2 mmol. 1-1 with the highest concentration of 5.9 
± 0.3 mmol. 1-1 half way through PT. The trend suggests an elevated blood glucose 
concentration throughout the PT. Differences existed between resting values and 1/4 
PT (P<0.05), 1/2 PT, 3/4 PT and exhaustion (P<0.01). Differences were also found 
post-warm up, post-STI, post-ST2 and all PT values (except start PT) (P<0.01). 
Mean blood lactate concentrations are shown in Figure 4.5. Resting blood lactate 
concentrations were 0.7 ± 0.1 mmol. 1-1 with the highest concentration of 9.6 ± 0.9 
mmol. l-1 at 1/4PT. The trend suggests a sudden increase in concentration at the start 
of the performance test followed by a gradual decline. All PT blood lactate 
concentrations differed from rest, post-warm up and post-ST1 (P<0.01). Differences 
were observed between post-ST2 concentrations and rest, all PT values (P<0.01), 
post-warm-up and post-ST1 (P<0.05). Further differences were found 1/4 way 
through PT and exhaustion (P<0.05). 
The rate of perceived exertion ranged from 13 ±1 in bout 1 to 20 ±0 at exhaustion. A 
linear increase in the rate of perceived exertion was observed as the PT progressed 
(Figure 4.6). Differences were ascertained between start PT, 1/4 PT and 1/2 PT and 
all values respectively (P<0.01). 
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Figure 4.4 Blood glucose concentrations for the tennis performance and 
skill tests (Mean ± S. E. ). 
* 
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Figure 4.5 Blood lactate concentrations for the tennis performance and 
skill tests (Mean ± S. E. ). P<0.01 Rest, post-warm up, post- STI v all PT values, 
*P<0.01 Post-ST2 v rest, all PT values and post warm-up, post-ST1 (P<0.05), 
**P<0.05 
1/4 PT v 
exhaustion. 
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4.4 DISCUSSION 
The purpose of this study was to examine the influence of fatigue generated by 
maximal tennis hitting upon skilled tennis performance. 
The mean time to exhaustion was 35.4 ± 4.6 min. The aetiology of fatigue is far from 
clear and is not the primary aim of this study. However fatigue may have been due to 
acidosis and lactate accumulation in the muscle with increased levels of H+ and 
decreased pH, occurring predominantly in the type II muscle fibres required for 
maximal tennis hitting (Maclaren et al. 1989; Newsholme, 1979; Sahlin, 1986b, 
1992). Furthermore, this decrease in pH may have had an effect on PFK and levels of 
PHOS a, thus affecting glycolysis and glycogenolysis respectively (Maclaren et al. 
1989). Many subjects complained of sore forearms and a reduction in racket grip 
firmness, as the PT progressed. Such local forearm fatigue was noticed by Balogun 
(1987), Bystrom and Kilbom (1990) and Nwuga (1975) during intermittent hand 
gripping exercise. 
Pre- and post-skill test differences were observed in cross court backhand accuracy 
(XCBHA) and service to the right court accuracy (SRA). A 33.3% and 30.4% decline 
in XCBHA and SRA was observed, from ST1 to ST2 respectively. Although not 
significant, a 14.6% and 5.9% rise was observed in XCBHO and XCBHC 
respectively. These minor changes within these parameters may be a trade off of the 
accuracy component into the percentage of balls hit out and percentage consistency. 
The decline in both XCBHA and SRA may have been associated with local muscular 
fatigue and lactate acidosis in the forearm muscles and an associated decline in grip 
strength/endurance. This reiterates the point made earlier concerning local fatigue of a 
particular muscle group. The hand grip on the racket plays an important role in the 
movement of the racket head and the correct placement at impact. The fine balance 
between the angle of the racket head at the impact point and the stabilisation of the 
racket are of utmost importance in the accuracy of the groundstrokes and service. 
High lactate levels may have been the cause of the decline in accuracy throughout the 
PT and during the service and XCBH. This may also have explained the forearm 
discomfort of the subjects, with a possible link to the accumulation of lactate and a 
decreased pH and increased Hý ions. During a5 min period of maximal hand gripping 
exercise a decline in grip strength was attributed to an increased acidosis (Bertocci et 
al. 1992). The time scale of the above study is very similar to that of each hitting 
bout. Local muscular fatigue was also thought to play a role in the decline in hitting 
accuracy reported by Burke and Ekblom (1982). Furthermore during a ball machine 
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hitting test, which elicited blood lactate concentrations of 3-7 mmol. 1 1, a negative 
relationship was reported with hitting accuracy (Urhausen et al. 1988). 
The predominant energy yielding pathways at the onset of exercise would most likely 
have been through the breakdown of PCr, ATP and muscle glycogen. During the 40s 
recovery, both PCr and ATP may have been partially replenished via oxidative 
metabolism (Tesch, 1989). This is believed to occur more readily in type I muscle 
fibres and the accumulation of lactate and pH may have been greater in the type II 
fibres, thus explaining the decrement in skill and fatigue exhibited in this study 
(Tesch, 1989). An exponential decline in and recovery rate of PCr of 30-40s 
respectively was reported by Yoshida and Watari (1992,1993a). However this period 
of replenishment was found to be insufficient, in studies undertaken by Balsom et al. 
(1992); Cheetham et al. (1986) and Keul and Haralambie (1977). Furthermore, 
intermittent exercise has been shown to utilise greater quantities of PCr and ATP and 
produce higher concentrations of blood lactate, Pi and H+ versus continuous exercise, 
thus resulting in the earlier onset of fatigue (Chasiotis et al. 1987; Harris and 
Hultman, 1977). Thus in this study, 40s may have been insufficient recovery for the 
replenishment of PCr. 
Although no differences were observed between the changes in male and female body 
mass, differences did occur between pre- and post- values within both males and 
females and for the whole group. Reductions in body mass, once adjusted for fluid 
intake were -1.5 ± 0.1% (whole group); -1.4 ± 0.1% (males) and -1.5 ± 0.1% 
(females), respectively. This net loss of body mass reflected fluid loss as a result of 
sweating, despite the ingestion of fluid at set intervals throughout the trial. Similar 
results were reported by Bergeron (1996); Burke and Ekblom (1982); Dawson et al. 
(1985); Elliot et al. (1985); Mitchell et al. (1992) when between 0.25 - 3.0 litres of 
fluid were ingested throughout 1-3 hours tennis play. Impaired performance has been 
observed during continuous (Fallowfield et al. 1995a; Jones et al. 1995) and 
intermittent (Armstrong et al. 1985; Barr et al. 1991; Nicholas et al. 1995) exercise, 
attributed to as little as -1.9%BM. Although the body mass changes in this study were 
not considered to be sufficient to have had a major influence upon performance, body 
mass losses of 2.7%, when no fluids were ingested during tennis play, have been 
reported to affect tennis performance as opposed to when players were fully hydrated 
(Burke and Ekblom, 1982). Thus, the ingestion of larger volumes of fluid in this study 
may have offset the declines in body mass incurred and any possible performance 
decrement associated with larger fluid losses over an extended time period. 
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A progressive increase in heart rate was observed over time. Heart rate is an indicator 
of the strain on the cardiovascular system. The increase in heart rate from rest, post- 
warm up and STI to the PT, was possibly caused by the increased intensity of 
exercise. Whilst the objective of a warm up is to hit the ball towards an opponent, in a 
real game situation the opposite is true. This may explain the increased intensity of 
play, with players hitting at a slower intensity during the warm up and increasing the 
hitting intensity during the PT (Misner et al. 1980). In the PT, the mean bout and 
recovery heart rates ranged from 186 ±2b. min-1 to 190 ±2b. min-1 (98-100% 
HRmax) and from 158 ±4b. min-1 to 170 ±3b. min-1 respectively. Although no 
differences were observed within bout and recovery heart rates, differences were 
apparent between the former and latter variables throughout the performance test. 
This trend was also exhibited by Holmyard et al. (1988) during 10 x 6s. maximal 
sprint exercise followed by either a 30s. or 60s. recovery period and is a typical 
cardiovascular response to an intermittent form of exercise. 
The maximal muscular work of the arms and legs during the phases of high intensity 
hitting caused the heart rates to reach near maximum, this was also reported by 
Therminarias et al. (1991) during tennis matchplay. The close to maximal heart rates 
indicated that the performance test achieved its' initial goal in subjecting the players 
to a maximal hitting intensity. Hitting to exhaustion is preferential to running or 
cycling to exhaustion, due to the fact that hitting involves a moderate amount of arm 
work which will cause an increased heart rate response, as opposed to the 
predominance of leg work in treadmill or cycling exercise (Beaudin et al. 1978). 
Differences were apparent between STl and ST2 with mean heart rates of 132 ±4 
b. min-I and 151 ±3b. min-I respectively. This rise may have been associated with the 
PT elevated heart rate and an insufficient heart rate recovery prior to undertaking the 
second skill test. The mean skill test heart rates were similar to previously reported 
mean values of 152 b. min-I (Elliot et al. 1985), 132-152 b. min-I (Seliger et al. 1973), 
152 ± 4.0 b. min-I (Dawson et al. 1985) and of 140 b. min-I (Keul, 1973). The previous 
studies outlined above, would seem to indicate that the intensity of the skill tests in 
this study simulated that of 10 to 60 min tennis matchplay. 
The mean resting blood glucose concentration was 4.7 ± 0.2 mmol. 1-1. This 
concentration was according to Shephard, (1987) within normal resting values of -- 
3.9 - 5.0 mmol. 1-1. As time progressed from bout to bout the blood glucose 
concentration became elevated above resting, post warm up and post ST1 levels. 
Christmass et al. (1993) observed blood glucose concentrations to increase from 
resting values of 4.4 ± 0.1 mmol. 1-1 to 4.6 mmol. l-1 in 6 subjects and to 6.1 ± 0.2 
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mmo1.1-1 in 2 subjects during 90 min tennis matchplay. When glycogen and G-6-P 
levels are high, such as during the early part of exercise, the rate of phosphorylation 
of glucose is low. This is due to the inhibitory effect of G-6-P on the hexokinase 
reaction. This causes a decline in blood glucose uptake and thus blood glucose 
concentration may be seen to be elevated (Mcardle et al. 1991). 
The elevation in blood glucose concentration may have also been the result of 
increased liver glycogenolysis due to the decline in insulin levels (Hargreaves and 
Richter, 1988). Declines in insulin levels are thought to be caused not only by 
increased exercise intensities of greater than 50% V02 max (Hargreaves and Richter, 
1988) but also by the catecholamine response to exercise of an increased intensity, 
leading to an increase in liver glycogenolysis (Mcardle et al. 1991). Cooper et al. 
(1989) reported increased levels of noradrenaline and adrenaline during high intensity 
exercise. Furthermore Christmass et al. (1993) and Therminarias et al. (1991) have 
reported an increased catecholamine stimulation of hepatic glycogenolysis due to the 
high intensity elicited from matchplay. However although the nervous system and the 
response of the adrenal medulla contribute to the maintenance of blood glucose 
homeostasis during exercise, the magnitude of this contribution and its' relative 
importance is disputed (Coggan, 1991; Cooper et al. 1989; Hargreaves and Richter, 
1988). The main effects of the exercise induced declines in insulin on the regulation 
of glycogen breakdown have also been disputed (Hargreaves and Richter, 1988). 
The final decline in blood glucose concentration from the point of exhaustion to post- 
ST2 may signify a decline in G-6-F and muscle glycogen and thus an increase in 
glucose uptake into the exercising muscles with an associated decline in circulating 
blood glucose concentration. 
Blood lactate concentrations rose significantly from rest to the start of PT. Blood 
lactate concentration post-ST2 however decreased by 54% to relatively low levels. 
Nevertheless it may be cautiously suggested that a predominance of the utilisation of 
high energy creatine phosphate and glycogen degredation leading to lactate formation 
were the main energy yielding pathways in the short high intensity bursts of hitting 
(Gaitanos et at. 1993). As mentioned previously the main pathway for the resynthesis 
of these phosphates may have been through an increased oxidative breakdown of 
substrates during the recovery periods in between each skill test and when moving 
back to the centre of the court in between down the line and cross court hitting. 
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The intensity of the skill tests in the present study, as indicated by the cardiovascular 
and metabolic responses, seemed to simulate that of tennis matchplay with slightly 
lower concentrations of lactate than those reported by Christmass et al. (1993); 
Copley, (1984); Keul, (1973); Kindermann and Keul (1977) and Reilly and Palmer 
(1993). 
Blood lactate concentration rose significantly from rest, post-warm up and post-ST1 
to the start of the PT. This corresponded to an increase from 0.7 mmol. 1-1 at rest to 
8.7 mmol. 1-1 at the start of the PT. The highest blood lactate concentration was 9.6 ± 
0.9 mmol. 1-1 at 1/4 PT and was maintained at a similar but slightly lower 
concentration throughout the PT. As mentioned previously, lactate accumulation in 
the muscle is associated with a decline in the intracellular pH and an increase in the 
level of H+ and these may be contributors to fatigue. Ekblom (1986) and Liesen 
(1983) reported that the level of metabolic acidosis achieved from peak blood lactate 
concentrations of 7-8 mmol. l-1 resulted in technical and tactical breakdown. This was 
also shown by Green (1979) in an ice hockey task with similar blood lactate 
concentrations to the above. These results may thus explain the decline in accuracy 
observed throughout the PT. 
Blood lactate levels are thought to reflect the formation of lactate in the working 
muscle and thus the glycogen degradation rate (Sahlin, 1992). Exercise of an 
intermittent nature may show higher levels of lactate in the muscle than those found 
in continuous running (Keen and Hale, 1992). The question arises therefore as to 
whether the blood lactate concentrations in this study accurately reflected the lactate 
concentrations in the muscle. Boileau et al. (1983) and Bulbulian et al. (1987) 
suggested that an active recovery at an intensity of 35% and 37% V02 max 
respectively, enhanced the removal of accumulated lactate as opposed to recovery in 
the supine or seated positions. During the 40s. recovery periods in the PT, subjects 
were seated and stationary. Thus blood pooling may have occurred in both the upper 
and lower body with a possible reduction in the recovery blood flow to this area and a 
subsequent reduction in lactate removal (Spriet et al. 1989). Furthermore, decreased 
forearm muscle blood flow was observed when subjects underwent continuous hand 
gripping exercise (Balogun, 1987). 
The mean perceptual ratings of exertion were observed to increase in a linear fashion 
throughout the PT from a mean rating of 13 ±1 ('fairly hard') to a peak of 20 ±0 
('maximum') at the point of exhaustion. This positive linear increase in players' 
perceived exertion indicated that the performance test placed more of a physiological 
and psychological strain as exercise progressed. This was also reflected in the bout 
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heart rates with a similar trend being observed between the two parameters. The lack 
of differences in RPE between 3/4PT and exhaustion and the trend for a slight 
decrease in heart rate at this point, may suggest that players were close to exhaustion 
even when 3/4 way through the performance test. Thus it would seem that the 
subjects in this study rated their perceived exertion quite accurately when comparison 
was made with their heart rates at each respective stage. 
In summary, the metabolic and cardiovascular demands usually exhibited in 
matchplay were successfully simulated in skill tests 1 and 2. Fatigue from maximal 
tennis hitting resulted in a decrease in hitting accuracy in the performance test and in 
cross court backhand and service to the right court accuracy between skill tests 1 and 
2 respectively. Thus the development of fatigue is accompanied by a decline in some 
but not all skills. 
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CHAPTER 5 
DIETARY MANIPULATION AND RECOVERY OF PERFORMANCE 
CAPACITY, SPRINTING PERFORMANCE AND HITTING 
PERFORMANCE IN TENNIS 
5.1 INTRODUCTION 
In the previous study, fatigue generated from maximal tennis hitting led to a decline 
in hitting accuracy. The primary cause of fatigue in an activity of prolonged duration 
is suggested to be the decline of the body's carbohydrate reserves (Gollnick et al. 
1974). 
The seasonal demands of the game of tennis, i. e. the tournament schedule, requires 
players to be engaged in competition and or training on successive days (-6 hours a 
day) for 5 to 6 days a week. Thus in order to attempt to maintain such a schedule, a 
high rate of glycogen repletion during recovery is of utmost importance. 
The general physiological responses during successive tennis matches on different 
days and their influence upon skilled performance has had little attention. 
Furthermore the effect of diet upon the recovery process and tennis performance, 
following successive tennis matches, has not been reported. Previous research has 
focused on the dietary manipulations during recovery from continuous and 
intermittent exercise, usually cycling or running. The amount of CHO required to 
return muscle glycogen stores to pre-exercise levels within 24 to 48 hours was studied 
by Blom et al. (1987); Costill, et al. (1971); Costill et al. (1981); Ivy (1991); Ivy et al 
(1988b); Kirwan et al. (1988a); Piehl (1973). The type of CHO to be ingested during 
recovery was also investigated: liquid versus solid (Costill et al. (1981); Reed et al. 
(1989), simple versus complex CHO (high or low glycaemic index): (Burke and Read 
(1993); Costill et al. (1981); Coyle and Coyle (1993); Kiens et al. (1990)), sucrose, 
fructose or glucose: (Blom et al. (1987), timing of CHO ingestion: (Ivy et al. (1988b); 
Burke et al. (1993b)). Furthermore, MacDougall et al. (1977) showed a CHO 
recovery diet to replenish muscle glycogen to pre-exercise levels following 
intermittent cycling exercise. over a 22-24 hour period, respectively. 
Thus the purpose of this second study was to determine the influence of a high CHO 
diet on the ability to reproduce a set of tennis skill tests, a tennis specific sprint test 
and a tennis hitting performance test, following a 22 hour recovery period. 
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5.2 METHODS 
5.2.1 SUBJECTS 
Six male and six female 'elite' tennis players, who had all reached Senior County 
standard and were playing competitively at the time of the study, were randomly 
assigned into two groups, a carbohydrate group (CHO) (n=6) and a control group 
(CON) (n=6). Their ages and physical characteristics are shown in Table 5.1. The 
Body mass Index (B. M. I. ) assessed subject's weight relative to height and was used as 
an indicator of total body composition and metabolic status. The data indicated that 
all subjects possessed a similar metabolic status and were within the desirable range 
of < 25 kg/m2 (A. C. S. M. 1995). 
5.2.2 PRELIMINARY TESTS 
Subjects were required to perform an intermittent bout of tennis related sprint work to 
maximum (fan drill), in order to obtain a HRmax (refer to Section 3.8). This was 
required in order to set upper and lower heart rate limits at an intensity of 80% ±5 
b. min-l HRmax for the PT. These limits are shown in Table 5.2. 
5.2.3 DIETARY ANALYSIS AND PRESCRIPTION 
Reference is made to Section 3.1 for the dietary analysis and prescription methods. 
All trials were performed following an overnight fast of 10 hours without breakfast. 
The recovery diet included the subjects' normal diet plus additional energy in the form 
of either CHO for the CHO group or fat and protein for the CON group. In the CHO 
group, calculations were based upon increasing the CHO content of the habitual diet 
to l0g. kg-1. BM. Following the consumption of a post-test meal (breakfast), subjects 
were either prescribed a recovery diet, or had the option of consuming ad libitum the 
required number of food exchanges which remained. Immediately after the post-trial 
nude body mass measurement, each subject ingested a dilute (6.9%) carbohydrate - 
electrolyte (CHO-E) drink (Lucozade Sport, Smithkline Beecham) (1.0g. kg-i. BM). 
Breakfast was provided and consumed 20 minutes after the trial by both groups. The 
composition of the breakfast was as follows: CHO diet: 60g corn flakes, 20g raisins, 
250g semi-skimmed milk, 60g wholemeal bread, 30g jam. (Total: 122g CHO, 603 
Kcal); CON diet: 173g boiled egg, 40g cheddar cheese, 10- margarine, 1008 semi- 
skimmed milk, 30g wholemeal bread. (Total: 18g CHO, 603 Kcal). 
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TABLE 5.1 
PHYSICAL CHARACTERISTICS OF THE SUBJECTS 
Variable CHO group CON group Whole group 
n 6 6 12 
Age (yr) 20.9 ± 0.8 22.9 ± 2.1 21.9 ± 1.1 
Range 19.1-24.8 18.5-32.0 18.5-32.0 
Height (cm) 174.5 ± 2.6 175.5 ± 3.0 174.8 ± 1.9 
Range 164.7 - 182.6 162.8 - 183.6 162.8 - 183.6 
Body mass (kg) 66.3 ± 4.1 68.5 ± 3.7 67.4 ± 2.7 
Range 53.7-78.4 56.7-80.0 53.7-80.0 
*BMI (kg/m2) 22.1 ± 0.6 21.7 ± 0.8 21.9 ± 0.5 
Range 20.5-24.1 18.7-23.5 18.7-24.1 
HRmax (b. min-1) 188 ±5 191 ±3 189 ±3 
Range 175-204 178 - 201 175 - 204 
Values are mean ± S. E. M. 
*Body Mass Index (BMI) = body mass (kg) / (height (rn))2 
TABLE 5.2 
PLAYING INTENSITY/HEART RATE LIMITS FOR PT 
Variable CHO CON Whole 
group group group 
Heart rate at 80%HRmax (b. min- 1) 150 ±4 153 ±3 152 ±2 
Upper limit %HRmax 83 ±0 83 ±0 83 ±0 
(80% +5b. min- 1) 
Lower limit %HRmax 77 ±0 77 ±0 77 ±0 
(80% -5b. min-1) 
Values are mean ± S. E. M. 
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5.2.4 PROTOCOL 
A diagram of the experimental protocol is shown in Figure 5.1. All testing took place 
over the months of February and March. Dry temperature (°C) and relative humidity 
(%) were measured. Ideally, in a laboratory setting the dry temperature should be in 
the range of 20 to 21°C. However in the field setting dry temperature was lower 
(-18°C) and was not able to be controlled. Subjects performed a five minute warm up 
on a wooden surface as outlined in Section 3.6.1. This period provided an ideal 
opportunity for subjects to become accustomed to playing within the upper and lower 
heart rate limits set on the heart rate telemetry system (80% ±5b. min-1). The watches 
bleeped fast or slow when the subjects went above or below their upper and lower 
limits respectively and were silent when within these limits. Subjects were asked to 
maintain this intensity from trial to trial. 
This protocol used the same skill tests as in study 1 pre- (ST1) and post-trial (ST2). 
Furthermore a similar performance test (PT) to exhaustion was utilised, however the 
frequency of the ball feed was reduced to 15 balls per minute due to the increased 
speed of surface. Trial I (Ti) was continued for - 78 min and in trial 2 (T2) a cut off 
time of -120 min was implemented. This cut off time was introduced in order to 
attempt to prevent the formation of blisters on the hitting hand (experienced in study 
1), but still provide a long enough period to observe a shorter, matched or improved 
performance time in trial 2 respectively. Nude body mass was obtained pre- and post- 
PT and was adjusted for the volume of fluid ingested. Subjects were verbally 
encouraged throughout the tests. Reference is made to Section 3.6.1 for heart rate 
analysis and collection methods. Ratings of perceived exertion (RPE) were obtained 
during the recovery periods. Capillary blood samples (20µl) were obtained in 
duplicate from the thumb at rest, post-ST1, post-bouts 1 (4 min), 5 (22 min 40s), 9 
(41 min 20s), 13 (60 min) and 17 (78 min 40s) in Ti, and in T2 as in Ti plus bouts 21 
(97 min 20s) and 26 (120 min 40s) respectively. Subjects drank water (2ml. kg-1. BM) 
post-warm up, post-ST1 and post-ST2 in both Tl and T2. Immediately post-ST2 
subjects performed a single fan drill as fast as they could (s). The scoring format for 
the above skill tests and the PT are outlined in sections 3.6.4 and 3.7 respectively. 
Trial 2 was performed after subjects consumed their respective recovery diets (refer to 
Appendix C) and underwent a 10 hour overnight fast (22 hours recovery). Subjects 
repeated Ti and attempted to replicate or improve their playing time (78 min 40s), 
tennis specific sprint time (fan drill) and skill levels (STI and ST2) achieved on the 
previous testing occasion. The study design was double blind and subjects were not 
informed of their performance in T1. 
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5.2.5 BIOCHEMICAL ANALYSES 
Details of analyses of plasma glucose and plasma lactate are presented in Section 3.4 
and assay procedures are under Appendices G and H. 
5.2.6 STATISTICAL METHODS 
Trial 2 data for bouts 17-26 inclusive, were pooled to produce bout 17 data in order 
for a direct comparison to be made with Ti data. An analysis of covariance 
(ANCOVA) was attempted using the results of Ti as the covariate. An analysis of 
variance (ANOVA) was performed on the changes in values between Ti and T2 in 
the following parameters: blood glucose, blood lactate, performance data for each 
bout (consistency, accuracy, out scores), heart rate and RPE. An ANOVA was also 
performed on nude body mass, fan drill times and playing times in Ti and T2. The 
post-hoc Tukey test was used to locate the differences. A t-test for correlated data was 
used to determine the differences in environmental temperature, pre- and post-ST in 
Ti and T2. The minimum level of significance was set at P<0.05. Skill scoring and 
analysis is described in Sections 3.6.4,3.6.5 and 3.7. 
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5.3 RESULTS 
Mean environmental conditions of dry bulb temperature did not differ from trial to 
trial, (18.2 ± 0.6°C (TI) and 18.2 ± 0.5°C (T2)). Relative humidity was greater in TI 
compared to T2 (55.3 ± 3.3% (Ti) and 50.7 ± 3.2 (T2) (t=3.5, P<0.01) respectively. 
Mean body mass and fluid intake values are presented in Tables 5.3 and 5.4 
respectively. No differences were observed between the treatment groups throughout 
Tl and T2. Differences were, however, apparent between the pre- and post-trial 
values for both groups in both Ti (P<0.05) and T2 (P<0.01). Differences were noted 
between post-TI and pre-T2 (P<0.01) and between pre-T1 and post-T2 (P<0.01). 
Mean heart rate data and %HRmax data for T2 are illustrated in Figure 5.2. No 
differences were exhibited between and within group %HRmax values throughout the 
PT. The range of HR recorded throughout the performance test were as follows: 151 
±5 to 161 ±4 (CON Ti), 140 ±6 to 150 ±3 (CON T2), 156 ±9 to 160 ±9 (CHO Ti) 
and 134 ±5 to 147 ±9 (CHO T2). Differences were found between rest and all other 
%HRmax change values in both groups (P<0.05). Furthermore HRmax change values 
differed between warm up (CHO) versus CHO values in bouts 13,17, cross court 
forehand/down the line backhand in T2 (XCFH/DLBH2) (P<0.05) and serve warm up 
(CHO) versus CHO values in bouts 13,17, XCFH/DLBH 2 (P<0.01) and CHO 15 
(P<0.05) respectively. Warm up (CON) differed from CON down the line 
forehand/cross court backhand in T2 (DLFH/XCBH2), service to the right court in T2 
(SR2), service to the left court in T2 (SL2) (P<0.01) and DLFH/XCBH1 (P<0.01). 
Mean changes were also found in %HRmax change values between DLFHIXCBH1 
and service to the right court in Ti (SRI), service to the left court in Ti (SL1), 
DLFH/XCBH2 (P<0.01). 
Mean heart rate changes in the fan drill (CHO) differed from CHO DLFH/XCBH2, 
bouts 1-4,6,7,9-12 (P<0.01) and CHO bouts 5,8,14 (P<0.01). Fan drill mean 
change values in the CON group differed from CON bouts 3-6,8 (P<0.05). 
The playing times in T2 did not differ between the CHO and CON groups. Both 
groups performed for a longer period of 116 min 53s (CHO T2) and 120 min 40s 
(CON T2) verses 78 min 40s (CHU, CON Ti) respectively (P<0.01). Mean fan drill 
times are presented in Table 5.5. No differences existed between groups. Both groups 
sprinted faster in T2 as opposed to Ti (P<0.01). 
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TABLE 5.3 
PRE- AND POST-T1 AND T2 BODY MASS 
Variable CHO group CON group Whole group 
Pre-mass (kg) 
T1* 66.7 ± 4.1 68.9±3.8' 67.8 ± 2.7 
T2* 66.7 ± 4.2 69.5 ± 4.0 68.1 ± 2.8 
Post-mass (kg) 
T1" 65.4±4.0 68.1±4.0 66.8±2.7 
T2 65.4 ± 4.0 68.1 ± 4.0 66.7 ± 2.7 
Change mass (kg) 
TI ** -1.2±0.3 -0.7±0.4 -1.0±0.2 
T2 
-1.5 ± 0.3 -1.4 ± 0.2 -1.5 ± 0.2 
Change mass (%) 
T1** -1.8±0.3 -1.4±0.3 -1.6±0.2 
T2 
-2.2 ± 0.3 -1.9 ± 0.4 -2.1 ± 0.3 
Values are mean ± S. E. M. 
*Significant difference pre v post Ti and T2 (CHO and CON) (P<0.01) 
**Significant difference Ti v T2 (CHO and CON) (P<0.01) 
'Significant difference pre Ti (CON) v pre T2 (CON) (P<0.01) 
"Significant difference post Ti v pre T2 (CHO and CON) (P<0.01) 
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TABLE 5.4 
TOTAL FLUID INTAKE FOR Ti AND T2 
Variable CHO group CON group Whole group 
Water(ml) 398±25 412±23 405±16 
(2m1. kg. min-1) 
LucozadeSport (ml) 1025 ± 67 1043 ± 60 1034 ± 43 
(lg. kg-l. bm) 
Values are mean ± S. E. M. 
TABLE 5.5 
FAN DRILL TIMES (S) IN Ti AND T2 
Variable CHO group CON group 
Ti Fan drill time (s) 19.3 ± 0.7 * 20.3 ± 1.1 * 
T2 Fan drill time (s) 18.0 ± 0.6 18.8 ± 0.6 
Values are mean ± S. E. M. 
*Significant difference between Ti versus T2 (P<0.01) 
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Mean skill test score differences for the whole group in ST1 and ST2, in TI and T2 
are presented in Table 5.6. No differences were found between CHO and CON groups 
in ST1 and ST2, in Ti and T2 except for SRA skill test scores. Mean SRA scores are 
presented in Figure 5.3. Differences were evident in SRA scores (repeated measure - 
CHO and CON) in the following: pre-T2 (CON) versus post-T i (CON) and post-T2 
(CHO) (P<0.05). 
Mean performance test consistency scores for T2 are presented in Figure 5.4. No 
differences were observed throughout the PT in accuracy, nor out change values, nor 
between the CHO and CON groups. Differences were however detected between the 
CHO and CON group (changes in values between Ti and T2) consistency scores 
(P<0.01). 
Mean blood glucose concentrations in T2 are illustrated in Figure 5.5. The mean 
resting blood glucose concentrations in Ti were 4.6 ± 0.2 mmol. 1-1 (CHO), 5.0 ± 0.2 
mmo1.1-1 (CON) and in T2 were 4.4 ± 0.1 mmol. 1-1 (CHO), 4.5 ± 0.2 mmol. 1-1 
(CON). No differences were obtained in blood glucose concentrations (changes in 
concentration between Ti and T2) between or within groups over time. 
Mean blood lactate concentrations for T2 are presented in Figure 5.6. The mean 
resting blood lactate concentrations in Ti were 1.0 ± 0.1 mmol. 1-1 (CHO), 0.8 ± 0.1 
mmo1.1-1 (CON) and in T2 were 1.1 ± 0.1 mmo1.1-1 (CHO), 1.0 ± 0.2 mmol. 1-1 
(CON). Whole group (n=12) highest concentrations were 1.4 ± 0.2 mmol. 1-1(bout 1,4 
min) in Ti and 1.2 ± 0.1 mmol. 1-1 (bout 1,4 min) in T2 respectively. No differences 
were detected between or within group blood lactate concentrations (changes in 
concentration between Ti and T2) over time. 
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TABLE 5.6 
MEAN SKILL TEST SCORES (STI AND ST2) FOR THE WHOLE GROUP IN 
Ti AND T2 
Skill test Ti pre Ti post T2 pre T2 post 
XCFHA mean 0.8* 1.6 1.8 1.6 
± SE 0.4 0.4 0.3 0.3 
DLFHO mean 4.5** 2.2 3.6 i 2.2 
± SE 0.5 0.5 0.5 0.4 
DLFHC mean 4.3ff 6.3 5.1 5.9 
± SE 0.5 0.6 0.4 0.6 
SRC mean 2.0 4.2 4.5 A 3.2 
± SE 0.6 0.6 0.5 0.7 
SRO mean 4.5 B 3.3 3.3 3.6 
± SE 0.4 0.6 0.6 0.7 
SLO mean 3.1 2.8 3.8 C 2.8 
± SE 0.5 0.5 0.6 0.5 
SLA mean 2.4 2.1 2.0 D 2.7 
± SE 0.5 0.3 0.6 0.7 
Values are mean ± S. E. M. 
p<0.03 (t=2) Ti pre v T2 pre p<0.001 (t= -3.8) Ti pre v Ti post 
i p<0.02 (t= -2.4) T2 pre v T2 post 
lt p<0.008 (t= 2.8) Ti pre v Ti post 
Ap<0.02 (t= -2.3) T2 pre v T2 post 
Cp<0.04 (t= - 2.0) T2 pre v T2 post 
Dp<0.03 (t=2.2) T2 pre v T2 post 
Bp<0.05 (t= -1.8) Ti pre v T2 pre, p<0.009 (t= -2.8) Ti pre v Ti post 
Cross court forehand accuracy (XCFHA), down the line forehand out (DLFHO), 
down the line forehand consistency (DLFHC), service to the right court consistency 
(SRC), service to the right court out (SRO), service to the left court out (SLO), 
service to the left court accuracy (SLA). 
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Rate of perceived exertion in T2 are illustrated in Figure 5.7. A linear increase in 
ratings was observed in both the CHO and CON groups over time. No differences 
were found between the CHO and CON change values. However differences existed 
over time within the CHO and CON group change values between CHO bout 11 
versus CHO bouts 1,2,4,10 (P<0.05) and between CHO bout 15 versus CHO bouts 
1,4 (P<0.05). Furthermore RPE in bout 17 (CON) differed from CHO bouts 1-6,10 
(P<0.01), 8,12 (P<0.05) and in bout 17 (CON) versus CON bout 10 (P<0.05) 
respectively. 
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5.4 DISCUSSION 
The purpose of this study was to determine the influence of a high carbohydrate 
(CHO) diet on the ability to perform a set of tennis skill tests, a set hitting 
performance test and a tennis specific sprint test, following a recovery period of 22 
hours. The main conclusions derived from this study were that although both the 
carbohydrate and isocaloric diets restored endurance capacity, the CHO group 
performed better than the CON group in mean hitting consistency during the PT and 
in mean SRA performance following the 22-h recovery. 
When attempting to perform an ANCOVA (using Ti as the covariate), upon 12 
subjects (n=12 (CHO + CON)) over 17 repeated measures, in Ti and T2, problems 
were incurred. An analysis of this nature is complex when composed of many 
changing covariates and a small sample size. This resulted in the single variance 
covariance matrix being unable to adjust for the sums of squares. A less robust model 
utilising Ti bout 1 as a fixed covariate could have been used, however this would 
have based all 17 repeated measures upon one covariate which seemed to be less 
reliable and valid. The use of the changes between Ti and T2 (Ti minus T2) seemed 
to provide a more robust model which may take into account and control for the 
preliminary scores in Ti. 
In T2, both the CHO and CON groups were able to match and improve upon the 78 
min 40s achieved in TI. Thus an isocaloric recovery diet was as successful as the 
CHO recovery diet in restoring performance capacity. This further supports the theory 
that the duration of Ti may not have been sufficient enough to deplete the muscle 
glycogen stores, nor to warrant CHO supplementation. Furthermore due to the time 
constraints imposed, some of the subjects had not reached exhaustion at the end point 
in T2. Costill et al. (1988) saw no effect on performance of a 15.6% decline in muscle 
glycogen per day, when training was increased by 110%, for a period of 10 days. 
Further supporting evidence by Nevill et al. (1990), showed no benefit of a high CHO 
recovery diet (79 ± 3% CHO) as opposed to normal (47± 8%) or low CHO (12 ± 1%) 
recovery diets upon intermittent exercise, consisting of 30 x6s sprints interspersed 
with a 54 s walk at 20% max speed and a 60s jog at 40% max speed on a non- 
motorised treadmill. Mean power output and performance was unaffected, but the 
metabolic responses were. Devlin and Horton (1989) however, noticed that even in 
the absence of CHO supplementation during recovery - 50% of muscle glycogen 
stores were replenished within 12 hours. 
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These results contradict those of Nicholas et al. (1993) who showed an improved 
intermittent running capacity following a 22.5 hour recovery period in a CHO 
recovery diet group (10g. kg-t. BM) as opposed to the CON isocaloric diet group. This 
protocol above used the same time period as the present study of 70 mins, in Ti and 
consisted of a 15 m sprint followed by walking at 55% VO2 max and running at 95% 
VO2 max. No effect was, reported however, on the blood glucose and lactate 
responses. Similarly, Fallowfield and Williams (1993) observed a restored endurance 
capacity (90 min continuous treadmill running at 70% V02 max) following a 22.5 
hour recovery period with CHO supplementation (8g. kg-1. BM) and no improvement 
with an isocaloric CON diet. The restoration in endurance capacity from Ti to T2 in 
both groups may signify that both the hitting intensity and ball feed frequency were 
not of a sufficiently high intensity to deplete the muscle glycogen stores. Furthermore 
the intermittent character of this protocol differed considerably from that of Nicholas 
et al. (1993) in the movement patterns utilised, work to rest ratios and the relative 
intensities of exercise. 
No significant differences were observed between groups in Fan drill speed, with both 
groups sprinting faster in T2 as opposed to Ti. This was despite the fact that T2 was 
longer than Ti. These results were inconsistent with those of Mitchell et al. (1992) 
who reported an increased 183m shuttle run time, post-3 hours tennis match play, 
when water was ingested throughout. These findings were hard to explain and 
although the fan drill was a reliable indicator, with logical validity, quantifying tennis 
sprinting performance in a controlled experimental situation is difficult. Even though 
the performance results were not disclosed to the subjects, they may have felt more 
familiarised with the fan drill in a "main trial" situation in T2 after performing the fan 
drill in Ti, as opposed to when they were performing the fan drill in preliminary tests 
prior to the main trials. 
Hitting skill improved in cross court forehand accuracy (XCFHA) (Ti pre- to T2 
pre-); down the line forehand out (DLFHO) (Ti, 72 pre- to post-); down the line 
forehand consistency (DLFHC) (TI pre- to Ti post-); service to the right court out 
(SRO) (Ti pre- to T2 pre-, Ti pre- to Ti post-). These improvements in skill from Ti 
to T2 may have been associated with the sufficient substrate supplementation in the 
recovery periods when on either the CHO or CON diets and an adequate 
replenishment of muscle glycogen over this recovery period (Devlin and Horton, 
1989). Players may have found the regular hitting in the PT to have 'grooved' their 
strokes, causing an improvement over trials, however this seems unlikely as players 
were familiarised with the protocol and equipment pre-testing. 
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Service to the right court consistency was seen to decline pre-T2 to post-T2. This 
parameter was not influenced by the type of recovery diet. However SRA was 
affected by the type of diet and may have caused the decline in whole group SRC, 
with a trade off towards improved SRA. The CON group were less accurate pre-T2 as 
opposed to post-TI, whereas no such decline in accuracy was noticed within the CHO 
group. Furthermore the CON group were less accurate than the CHO group pre-T2 
versus post-T2 respectively. Thus it would seem that through ingesting a high CHO 
diet during recovery, players were more able to maintain service accuracy to the right 
court. This result was hard to explain, however, due to the lack of influence of diet 
upon the metabolic parameters. The effects of a high CHO recovery diet may have 
had more influence upon resynthesising the muscle glycogen in the specific 
exercising muscles e. g. forearms, upper arm. Muscle glycogen levels were not 
measured in this study, however a more invasive analysis of muscle glycogen levels 
and the physiological parameters in muscle fibres may have provided a more in depth 
explanation. 
No differences were detected throughout the PT in accuracy or out change scores, nor 
between CHO or CON group scores. Consistency scores differed in bout 2 between 
the CHO and CON groups. The overall trend suggested that the CHO group were 
more consistent in T2 as opposed to the CON group. This improved consistency in 
the CHO group may have reflected a greater muscle glycogen resynthesis within local 
exercising muscles such as the forearms. Players utilise the forearm muscles 
considerably in the maintenance of a firm grip and the strength and endurance of 
these muscles are of great importance in tennis players in order to stabilise the racket 
at impact point (Behm, 1988; Kibler and Chandler, 1989). Such stabilisation of the 
racket head at impact may have further implications upon the accuracy of a shot. 
Although no differences in body mass were observed between groups throughout the 
PT, a pre- and post-trial decline in body mass was observed in both trials. This net 
loss of body mass reflected fluid lost as sweat, despite the regular ingestion of 
2ml. kg-1. BM (- 407 mis) of water. The changes in body mass reported in this study 
are higher than those reported by Mitchell (1992) when water was ingested 
(ll. 4ml. kg-I. BM) during a3 hour match which resulted in a decline in body mass of 
1 to 1.5%. Similarly a reduction in body mass of 1.3% was observed by Dawson et al. 
(1985) and Elliot et al. (1985) over a1 hour tennis match with a mean fluid intake of 
250 ml. Burke and Ekblom (1982) reported body mass losses higher than in this 
study, of 2.7% over a2 hour match when no fluids were ingested. However when 505 
mis of water were ingested every 20 min, body mass loss was restricted to 1.1 %. 
Thus although Brouns (1991) recommended a mean fluid intake of 400 to 600 ml. h-1, 
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in the present study a mean fluid intake of -- 407 mis would seem to be insufficient. 
Furthermore the capacity to perform physical work has been seen to decline with 
dehydration as small as 1.9% body mass (Armstrong et al. 1985; Corrigan et al. 1984; 
Craig and Cummings, 1976; Saltin, 1964). 
The change in body mass was greater in T2 than in Ti. This was probably because 
players were sweating for a longer period of time in T2 as opposed to Ti. The lower 
relative humidity in T2 compared to Ti may also have allowed more sweat to 
evaporate during T2. No differences were detected between pre-Ti and pre-T2 body 
mass in both groups, thus it may be assumed that similar levels of hydration and 
nutrition were achieved prior to the l0h fast before each trial. Whole group body 
mass increased by 1.9% over the 22 hour recovery period. This may have reflected 
the volume of food in the recovery diet. 
Mean heart rates were maintained at a similar intensity throughout the PT in Ti and 
T2 and ranged from 79 ± 2% to 84 ± 2% (CON Ti); 74 ± 2% to 79 ± 1% (CON T2); 
80 ± 6% to 85 ± 5% (CHO Ti); 72 ± 3% to 78 ± 5% (CHO T2) respectively. The 
mean heart rate data and values reported in this study were comparable to those found 
during simulated matchplay: Seliger et al. (1973) 60%HRmax; Misner et al. (1980) 
63 ±l l%HRmax; Docherty (1982) 68 to 70% predicted HRmax; Friedman et al. 
(1984) 60 to 90%HRmax; Dawson et al. (1985) 79 ± 2%HRmax ; Elliot, et al. (1985) 
78 ± 5% to 80 ± 4%HRmax; Morgans et al. (1987) 63 to 94%HRmax; Bergeron et al. 
(1991) 74%HRmax; Therminarias et al. (1991) 81 ± 2%. 
The use of upper and lower HR limits, on the sportstester watches, was an ideal form 
of audio and visual feedback to the subjects. Not only did this system provide instant 
feedback on the cardiovascular stress experienced throughout the test, but it was 
highly effective when attempting to set and control the hitting intensity, relative to the 
subjects' HRmax. This is important in situations where the velocity of movement is 
hard to control (such as tennis hitting) (Burke et al. 1994). The fan drill (adapted), to 
exhaustion was also a successful method of achieving HRmax when performing a 
tennis specific task. Similar HRmax values have been reported in the tennis research 
literature (Bergeron et al. 1991; Dawson et al. 1985; Morgans et al. 1987; Reilly and 
Palmer, 1993). Therminarias et al. (1991) reported an underestimation of HRmax 
when tested in the lab on a treadmill or cycle ergometer as opposed to when tested in 
a tennis simulation. This was thought to be attributed to the lack of arm work in this 
situation as opposed to when performing specific field work. Differences were 
obtained between the changes in %7, HRmax values in the down the line forehand and 
cross court backhand in Ti, and cross court forehand/down the line backhand in Ti, 
service to the right and left court in Ti and down the line forehand/cross court 
backhand in T2. 
Mean resting blood glucose concentrations were according to Shephard (1987) to be 
within the range of resting values of - 3.9 to 5.0 mmol. l-1. Blood glucose 
concentrations remained at resting levels in both groups with no differences being 
observed in changes (Ti - T2) between or within groups. This response was also 
observed by Christmass et al. (1993) during 90 mins of matchplay, with values of 4.6 
± 0.2 mmol. 1-1 during play. Other studies have shown similar blood glucose 
concentrations: (Mitchell et al. 1992) 60 min match, 5.6 mmol. 1-1, (Burke and 
Ekblom, 1982) 2 hour match, 4.3 mmol. l-1 (pre), 3.8 mmol. 1-1 (post). The latter study 
however showed an 11.6% decline in blood glucose concentrations. Ferrauti et al. 
(1992) reported a decline in blood glucose concentration of 4.3% when playing 150 
minn indoor tennis. Contradictory to the results of the present study, Bergeron et al. 
(1991) showed blood glucose concentration to increase from a pre-85 min match 
value of 4.7 ± 0.4 mmol. 1-1 to 5.4 ± 0.6 mmol. l-1 (post) and 6.6 ± 0.8 mmol. l-1 (5 min 
post). 
The metabolic response to tennis matchplay seems to have been simulated in the PT. 
There was no noticeable effect, however, of the high CHO recovery diet upon blood 
glucose concentration. The ingestion of a CHO-E beverage immediately post-PT may 
have been sufficient to cover the short term recovery phase, with the PT possibly not 
depleting the muscle glycogen stores. A possible 3 to 4 hour period of hitting may be 
required before muscle glycogen levels would become depleted during this form of 
activity. 
Blood lactate concentrations remained relatively unchanged from those at rest 
throughout the PT. No differences were found between groups or over the repeated 
measures in the changes between Ti and T2. Thus the ingestion of a high CHO 
recovery diet had no effect upon blood lactate concentration. The blood lactate 
concentrations in this study were slightly lower in comparison with the tennis 
research literature : (Christmass et al. 1993) 3.1 ± 0.1 mmol. 1-1, (n=5), 6.3 ± 0.6 
mmol. 1-1 (n=3); (Reilly and Palmer, 1993) 2.0 ± 0.4 mmol. l-1; (Schonborn, 1986) 2.6 
mmol. 1-1 (match), 1.7 - 2.4 mmol. 1 
1 (training); (Therminarias et al. 1991) 1.8 ± 0.3 
mmol. 1-1; (Bergeron et al. 1991) 12.5 ± 1.8 - 13.2 ± 3.2 mmol. l-1. With such low 
blood lactate concentrations reported, it is unlikely that muscle acidosis would have 
been the cause of fatigue in the present study. The frequency of ball feeds from the 
ball machine and the heart rate limits set on the transmitters, may have produced too 
low an intensity in the present study to cause an elevated blood lactate response. Thus 
a moderate exercise intensity was reflected, with a possible minimal demand from 
anaerobic glycolysis and glycogenolysis. 
In a multiple sprint sport such as tennis, subjects may have learnt to optimise the 
energy producing mechanisms, possibly through hitting the ball more efficiently, thus 
conserving the valuable CHO stores, whilst still producing bouts of a high intensity 
(Green, 1979). During recovery, it would seem likely that oxidative metabolism 
predominates in the resynthesis of ATP and PCr. During play, however, the 
predominant fuelling may be provided from other substrates, such as blood FFA and 
BCAA. Struder et al. (1995a, 1995b), observed an increase in FFA of 13% and a 
decline in BCAA (29%) during tennis matchplay. This was thought to be associated 
with an increase in f-tryp of 84% and an alteration of the competition at the blood 
brain barrier, favouring the entry of f-tryp into the brain, thus leading to central 
fatigue. In the present study central fatigue may have been one of the causes for the 
decline in skilled performance. 
A positive linear increase in the ratings of perceived exertion were observed over 
time. This may indicate that the PT placed more of a physiological and psychological 
strain towards the end of the test (Borg, 1973). Due to the lack of influence of the 
high CHO recovery diet upon this parameter and, upon both the metabolic responses 
and the controlled intensity, it would seem unlikely that this increase in rating was 
attributed to diminished glycogen stores (as reflected by the metabolic responses), or 
an increased intensity respectively. The increased RPE may however, have been 
linked to an increased muscle soreness / fatigue of a local muscle group (Balogun, 
1987; Montazer and Thomas, 1991). Subjects complained of sore forearms, a 
reduction in racket grip firmness, blisters on the hand, and thirst towards the end of 
T2 which may have been reflected in the RPE rating. The symptoms of lethargy and 
reduced concentration which were expressed by the players may have been symptoms 
of central fatigue and reflected in these ratings. 
In summary, through increasing the CHO content of a normal diet to lOg. kg- 
I. BM. 22h-1 did not result in differences in performance capacity, nor in tennis 
sprinting performance. Improvements were however observed in the skilled 
performance of SRA and hitting consistency in the PT, which could have been 
attributed to the high CHO diet as opposed to the CON diet in recovery, possibly with 
the positive effect of a decline in central fatigue during T2 respectively. 
102 
CHAPTER 6 
THE INFLUENCE OF A CARBOHYDRATE BEVERAGE ON ENDURANCE 
CAPACITY AND TENNIS HITTING PERFORMANCE FOLLOWING A 
SIMULATED TENNIS MATCH. 
6.1 INTRODUCTION 
The protocol in study 1 was designed to provide a tennis test which would lead to 
fatigue in a reasonable time. This test allowed the decrement in tennis skills to be 
monitored throughout the test and particularly at the onset of fatigue. The aim was to 
examine, in a realistic tennis environment, the link between tennis skills and fatigue. 
A similar protocol was also used in study 2. A new protocol developed in the present 
study simulates 'actual' tennis matchplay. This is based on match statistics, derived 
from the match analysis of professional tennis matches. 
In the first study, fatigue from maximal tennis hitting resulted in a decrease in hitting 
accuracy both throughout the performance test and specifically in the cross court 
backhand and service to the right court pre- verses post-test. A high carbohydrate 
recovery diet used in the second study, had a positive influence upon groundstroke 
hitting consistency and service accuracy to the right court (pre- verses post-test) 
respectively. Furthermore, in both of these studies subjects complained of sore 
forearms and a decline in grip strength over time. Thus grip strength and grip 
endurance may possibly be the 'weak link' in the decline in performance and for this 
reason, both grip strength and grip endurance were measured in this study. It is of 
interest whether the declines in performance observed in the first two studies, are also 
found when skill is monitored following 'actual' matchplay, simulated in the present 
study. 
The ingestion of a CHO-E solution throughout tennis matchplay may help to prevent 
the loss in skill exhibited throughout matchplay. Although many players are aware of 
the importance of ingesting fluids during practice and / or tournament play, limited 
research has been conducted into the effects of CHO ingestion upon skills and 
endurance performance during tennis matchplay, (Burke and Ekblom, 1982; Ferrauti 
et al. 1992; Keul et al. 1995; McCarthy et al. 1995; Mitchell, et al. 1992; Vergauwen 
et al. 1996). 
Prior to the development of the protocol for the present study, a pilot study was 
conducted to assess the body mass losses and resultant fluid losses incurred, when 20 
junior tennis players competed in a tournament (Appendix 0). 
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The purpose of this study was to investigate the influence of a CHO beverage on 
endurance capacity and tennis hitting performance following a simulated tennis 
match. 
6.2 METHODS 
6.2.1 SUBJECTS 
Ten 'elite' tennis players, (5 male, 5 female), volunteered to be subjects for this study. 
All subjects were Senior county standard with three having reached international 
standard. The subjects' ages and physical characteristics are presented in Table 6.1. 
6.2.2 PRELIMINARY TESTS 
Subjects were required to perform the adapted fan drill (refer to Section 3.8) to 
maximum in order to obtain a HRmax. This was required for the conversion of heart 
rates into %HRmax values for each trial (refer to Section 3.2 and 3.8). Furthermore, 
subjects were required to perform the Multistage fitness test in order to obtain an 
estimation of their V02 max (ml. kg. min- 1) values (Refer to section 3.8) . 
6.2.3 DIETARY ANALYSIS AND PRESCRIPTION 
Reference is made to Section 3.1 for the dietary analysis and prescription methods. 
6.2.4 PROTOCOL 
The experimental protocol is shown in Figure 6.1. In order to simulate the tennis 
performance test as closely as possible to actual matchplay, video analyses of 7 
professional tennis matches were performed. The matches were randomly selected 
from two main tournaments: Australian Open and U. S. Open. The surfaces for these 
tournaments were Rebound Ace TM and Decoturtt" respectively and were almost 
identical to that of the testing surface (En-tout-casT'", MatchplayT"). The following 
parameters were recorded for each match: rally length (s), recovery time between 
games, sets and changeovers (s), game length (s), match length (min). Descriptive 
statistical analyses were conducted on the results to provide mean, min., max. and 
standard error values for each parameter (Appendix N). 
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TABLE 6.1 
PHYSICAL CHARACTERISTICS OF THE SUBJECTS 
Variable 
Age (yr. ) 21.8 ± 0.8 
Range 19.6-26.9 
Mass (kg) 68.1 ± 2.5 
Range 57.3-81.6 
V02 max (ml. kg. min-1)* 52.2 ± 3.0 
Range 40.8-64.3 
HRmax 193 ±3 
Range 182 - 206 
Values are mean ± S. E. M. 
*as estimated by multi-stage shuttle running test. 
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All testing took place in the month of February. Dry temperature (°C) and relative 
humidity (%) were measured. Ideally, in a laboratory setting the dry temperature 
should be in the range of 20 to 21°C. However in the field setting dry temperature was 
lower (- 12°C) and was not able to be controlled. Subjects performed a five minute on 
court warm up against the ball machine on a MatchplayTM En-Tout-CasTM indoor 
surface as described in Section 3.6.1. This protocol differed from the previous two 
studies in that each trial was split into two parts: parts A and B. In both parts the ball 
machine fed balls randomly at a frequency of 30 balls/min. Subjects were asked to hit 
maximally throughout the trial. In part A, the match statistics referred to previously 
were utilised to produce simulated matchplay. A period of 4s was provided for the 
service, this was designed to closely mimic the actual statistics of 2.9 ± 0.1 Is per point, 
plus provide an extra second for service preparation. The rally periods of 8s and 10s, 
for the service and receiving games respectively were chosen, as these closely 
coincided with the analysis data. 
The combination, of the resultant recovery period of 19.4 ± 0.3s between points and 1 
min 21.1 ± 4.7s when changing ends, reiterates the International Tennis Federation 
(I. T. F. ) rules. These state 'a maximum of 20s should elapse between points and 90s at 
the change of ends. ' For this reason a 20s recovery between points and aI min 30s 
recovery, alternated with a 30s recovery between games was introduced into the 
protocol. Mean game lengths reported in Appendix N were 3 min 11.4s. Thus the 
length of the service game, 3 min 16s and 3 min lOs in this protocol closely mimicked 
those of actual matchplay. The match duration (part A) of 92 min 46s closely 
corresponds to the reported minimum match length of 95 min 28s. 
In part A, subjects were required to perform repeated sets within a simulated service 
game (SG). Each set consisted of a 4s service, followed by an 8s groundstroke hit (- 4 
ball machine random feeds) followed by a 20s recovery, for the duration of 3 min 16s. 
A long rest period (LR) of 1 min 30s proceeded. Subjects subsequently performed 
repeated sets within a simulated receiving game (RG). Each set consisted of a lOs 
groundstroke hit (- 5 ball machine random feeds) followed by a 20s rest for the 
duration of 3 min lOs. A short rest period (SR) of 30s proceeded. The set of service 
game + long rest + receiving game + short rest, was repeated 11 times for a period of 
92 min 46s. 
Part B was a performance test (PT), which was continuous in nature, with a random 
ball feed, at a rate of 30 balls/min. Subjects were required to aim their returns towards 
the same targets utilised in the previous studies. This PT was continued to the point of 
fatigue or when the required hitting frequency for two consecutive ball feeds could no 
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longer be maintained. The subjects' scores for each return were recorded on a 
dictaphone and transcribed at a later time. The scoring format for the PT is outlined in 
Section 3.6.4 and 3.7. 
Grip strength and grip endurance were measured on 3 occasions throughout each trial: 
pre-part A, pre-part B and post-part B. Subjects sustained gripping a hand 
dynamometer (Jamar® hand dynamometer) maximally for a period of 1 minute. To 
accommodate various size hands the Jamar® handle was adjusted accordingly to the 
most comfortable position for the subjects and was maintained at this position 
throughout subsequent trials. Readings were taken at 0 min (grip strength (kg)) and at 
10s intervals thereafter (grip endurance (%)). The peak-hold needle recorded grip 
strength at 0 min on the dynamometer. A grip fatigue index was calculated as 100 
multiplied by the sum of (grip strength at 0 min - grip strength at 60s) / (grip strength 
at 0 min)). In order to attempt to control for sources of error the testing position was 
consistent for all subjects. The testing position consisted of subjects standing with the 
non tested arm to their side. The tested arm was held in full extension. This position 
was chosen due to the similarity of the grip hold in tennis and following the 
guidelines of Balogun et al. (1991). All subjects were measured in the order of 
dominant side followed by non dominant side. No subjects were ambidextrous. It 
must be noted, that it was not known to what extent the skilled performance was 
affected by the act of gripping the dynamometer prior to hitting. 
The heart rates that were recorded in trial 1 (TI) were converted into heart rate limits 
(see Section 3.2) and set on the Sportstester watches for trial 2 (T2) in order to try and 
maintain a controlled intensity for Ti and T2. Capillary blood samples were obtained 
in duplicate from the thumb at rest, post-warm up and during the alternating LR 
periods. A double blind crossover design was utilised, whereby subjects were 
randomly assigned to either a carbohydrate-electrolyte beverage trial (CHO-E) or a 
sugar free beverage trial (P). The prescribed fluid intake was increased to 3 ml. kg- 
IBM as a result of the pilot study in Appendix 0. This was administered post-warm 
up, during the alternating blood sampling LR periods and at the point of exhaustion. 
Perceptual ratings of exertion, gut fullness and abdominal discomfort were monitored 
during each LR and SR period and at the point of exhaustion. The time interval 
between the two trials was 1 week. 
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6.2.5 STATISTICAL PROCEDURES 
A paired t-test (one tail) was used in order to determine whether an order effect 
existed (irrelevant of condition) in time to exhaustion (TIE) and grip strength. The 
above test was also used to determine the differences between mean TTE and changes 
in body mass in the CHO-E and P trials and between the heart rates in the service and 
receiving games. A two way ANOVA for repeated measures was used to determine 
the differences between CHO-E and P conditions in the following parameters: HR 
(b. min-1), %HRmax, blood parameters, mass, perceptual scales, grip strength (kg) and 
grip fatigue index (%), skill over the first 4 min of the PT, skill over the PT (start, 1/4, 
1/2,3/4 way through PT and at exhaustion), skill half way through the PT versus skill 
at the same time point in the P trial. The post-hoc Tukey test established the location 
of the differences. Pearson Product Moment correlations were utilised to observe the 
relationships between TTE versus the following: % mass change, blood lactate, V02 
max., absolute and mean grip strength (change values). Furthermore, relationships 
were observed between % body mass versus skill parameters at exhaustion and 
between grip strength and skill. The minimum level of significance was set at P<0.05. 
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6.3 RESULTS 
Mean environmental conditions of dry bulb temperature and relative humidity did not 
differ from trial to trial respectively: (dry temperature 12.2 ± 0.5 °C (CHO-E), 11.8 ± 
0.4 °C(P), relative humidity, 60.8 ± 2.6% (CHO-E), 62.9 ± 3.5% (P)). 
Mean body mass data are presented in Table 6.2. No differences were observed 
between CHO-E and P. Differences were ascertained between pre- and post-mass for 
the whole group (CHO-E plus P) (P<0.01). No differences were observed between 
conditions in changes in body mass nor % change in mass. A negative relationship 
was found between %mass loss (CHO-E) and TTE (CHO-E) (r=-0.92, r2 = 0.84) 
(P<0.01). 
Mean heart rate data and %HRmax data are illustrated in Figure 6.2. No differences 
were observed between conditions. Peaks and troughs of heart rates were exhibited 
throughout the service and receiving games and rest periods respectively (P<0.01). 
The range of heart rates (b. min-1) and %HRmax data are shown in Table 6.3. 
Independent of condition, an order effect was observed in the mean times to 
exhaustion (TTE), with trial 2 (T2) being of a longer duration (24.8 ± 8.2 min) than 
trial 1 (Ti) (16.2 ± 4.5 min) (t= -2.1). Mean TTE in the CHO-E and P conditions were 
22.4 ± 8.2 min and 18.5 ± 4.8 min respectively. No differences were found between 
conditions in TTE. Time to exhaustion ranged from 4.0 - 77.9 min (CHO-E) and from 
4.7 - 43.0 min (P) respectively. 
No differences were observed between condition or over time in consistency, 
accuracy or out scores over the first four minutes of continuous hitting in the PT. 
Mean percentage scores for the whole group are shown in Table 6.4. Furthermore, no 
differences were found between CHO-E and P conditions when comparing 
consistency, accuracy and out scores at the half way through point of the CHO-E trial 
versus the respective time in the P trial. Neither consistency nor out scores differed 
between CHO-E and P, nor between scores at the start, 1/4,1/21,3/4 way through and 
at the point of exhaustion in the PT. Hitting accuracy (%) over the above time points 
is illustrated in Figure 6.3. The combined effect of condition and accuracy over time 
was observed with no differences in accuracy in the CHO-E group over time. 
However differences were observed in the P condition between accuracy at the start 
of the PT versus 1/2 way through the PT and at exhaustion respectively (P<0.05). 
TABLE 6.2 
BODY MASS PRE- AND POST-TRIAL 
Variable CHO P 
Pre-mass (kg) 69.3 ± 2.6* 69.5 ± 2.5 
Post-mass (kg) 68.0 ± 2.4 68.3 ± 2.3 
Change mass (kg) -1.3 ± 0.2 -1.2 ± 0.2 
Change mass (%) -1.8±0.3 -1.7±0.2 
Fluid intake (L) 1.4 ± 0.1 1.4 ± 0.1 
Values are mean ± S. E. M. 
*Significant difference pre- v post-mass (CHO and P). 
TABLE 6.3 
RANGE OF HEART RATES AND %HRmax VALUES THROUGHOUT THE 
SIMULATED MATCHPLAY (PART A) 
Variable Heart rate (b. min-1) (%) HRmax 
SG 146±3-157±4 76±1-81±1 
LR 108±4- 128±4 56±2-67±2 
RG 140±4- 148±4 73±2-77±2 
SR 139±4- 148±4 72±2-77±2 
Values are mean ± S. E. M. 
Service game (SG), Long rest (LR), Receiving game (RG), Short rest (SR). 
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TABLE 6.4 
WHOLE GROUP MEAN PERCENTAGE SCORES FOR CONSISTENCY, 
ACCURACY AND OUT OVER THE FIRST 
4 MINUTES OF THE PT 
Variable Consistency Accuracy Out 
1st min 45.8 ± 3.6 9.2 ± 1.3 44.0 ± 4.6 
2nd min 43.6± 3.5 7.6±1.2 47.9± 4.1 
3rd min 40.7 ± 4.3 7.6 ± 1.4 49.9 ± 4.3 
4th min 44.7 ± 3.4 6.6 ± 1.4 49.0±3.9 
Values are mean ± S. E. M. 
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Independent of condition, no order effect was observed in grip strength between trials 
1 and 2 on the dominant side (t=1.76). An order effect was however observed 
between trials 1 and 2 on the non-dominant side. This showed trial 1 to be greater 
than trial 2 (t=2.27) (P<O. 05). 
Mean grip strength on the dominant and non-dominant sides are illustrated in Figure 
6.4. No differences were ascertained between conditions on either the dominant or 
non-dominant sides. Whole group (CHO-E plus P) differences were, however, 
reported on the dominant side between pre-part A and pre-part B (P<0.05). 
Furthermore, whole group (CHO-E plus P) differences were also observed between 
post-part B and pre-part A, pre-part B (P<0.01) respectively. Whole group differences 
(CHO-E plus P) on the non-dominant side were observed between pre-part A and 
post-part B (P<0.01). A negative relationship was found between mean dominant grip 
strength changes (pre-part A- exhaustion) versus TTE in the P trial (r= -0.65, r2 _ 
0.42) (P<0.05). Furthermore a negative relationship was found between dominant grip 
strength absolute change values (1st readings at 0 min) (pre-part A- exhaustion) 
versus TTE in the P trial, of r= -0.89, r2 = 0.78 (P<0.01). No differences were 
reported between CHO and P conditions. Whole group differences were found, with 
an overall increase in grip fatigue index (%) on the dominant side from pre-part A 
(55.4 ± 2.6%) to pre-part B (66.6 ± 1.5%) and from pre-part A to post-part B (71.1 ± 
1.5%). Furthermore whole group differences were observed on the non-dominant side 
between pre-part A (59.6 ± 1.9%) and post-part B (65.4 ± 1.9%). 
Mean blood glucose concentrations and the significant differences found, are 
illustrated in Figure 6.5. The mean resting blood glucose concentrations in the CHO 
and P trials were 4.1 ± 0.2 mmol. l-1 and 4.0 ± 0.1 mmol. 1 1 respectively. The 
increases from LR 1 to LR 7 and LR 11 to exhaustion, in the CHO trial corresponded 
to 23.3% and 25.2% respectively. Furthermore, the decreases in blood glucose 
concentration in the CHO trial from LR 7 to LR 9 and LR 7 to LR 11, corresponded 
to -14.3% and -22.0% respectively. One subject became hypoglycaemic in the 
placebo condition with a blood glucose concentration of 1.7 mmol. 1-1 at exhaustion. 
Mean blood lactate concentrations are presented in Figure 6.6. The mean resting 
blood lactate concentrations were 0.8 ± 0.1 mmol. 1-1 (CHO) and 0.9 ± 0.1 mmol. 1-1 
(P). No differences were reported between CHO and P. Differences were however 
observed over time between all matchplay values versus exhaustion (P<0.01). 
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Figure 6.3 Hitting accuracy (%) for the CHO and placebo trials (Mean ± 
S. E. ). *P<0.05 Start PT v 1/2 PT and exhaustion (placebo only). 
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Figure 6.4 Grip strength in the CHO and placeb trials (Mean ± S. E. ). 
*P<0.05 Pre-trial whole group dominant (WGD) v pre-PT WGD, "*P<0.01 post-PT 
WGD v pre-trial WGD and pre-PT WGD, 'P<0.01 pre-trial whole group non-dominant 
(WGND) v post-PT WGND. 
Q CHO dominant f9 placebo dominant 
Q CHO non-dominant ® Placebo non-dominant 
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Figure 6.5 Blood glucose concentrations for the CHO and placebo trials 
(Mean ± S. E. ). *P<0.01 CIIO (rest) v CIIO (all, except LR 1), P<0.05 P (cxh), **P<0.0I 
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(LR 5,7) v CIlO (LR 9,11), tP<0.01 CIIO (exh) v CHO (LR 11), P<0.05 (LR9), P<0.01 P (exh) vP 
(rest, LR 9,11), AP<0.01 Cl-i0 (LR 3,5,7, cxh) vp (all), BP<0.01 CHO (LR 9) vP (LR 9,11), 
P<0.05 P(LR 1,5,7). 
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Figure 6.6 Blood lactate concentrations for the CHO and placebo trials 
(Mean ± S. C. ). *P<0.01 All matchplay values v exhaustion. 
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The mean blood lactate concentrations at exhaustion were 7.2 ± 1.2 mmol. l-1 (CHO) 
and 6.8 ± 1.1 mmol. 1-1 (P). Negative correlations were found between blood lactate 
concentration at exhaustion and TTE in both the CHO trial (r = -0.92, r2 = 0.85) 
(P<0.01) and the P trial (r = -0.67, r2 = 0.45) (P<0.05) respectively. 
Ratings of perceived exertion, gut fullness and abdominal discomfort are reported in 
Table 6.5. Ratings increased in a linear fashion over time (P<0.01). No differences 
were observed between the CHO and P trials in all of the above ratings. One subject 
reported an abdominal discomfort rating of 10 (unbearable pain) in both trials at the 
point of exhaustion. 
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TABLE 6.5 
RATE OF PERCEIVED EXERTION (RPE), GUT FULLNESS (GF) AND 
ABDOMINAL DISCOMFORT (AD) THROUGHOUT THE PT IN THE 
PLACEBO AND CHO TRIALS 
CHO trial* PLACEBO trial* 
Variable RPE GF AD RPE GF AD 
LR1 8±0 1±0 0±0 8±1 1±0 0±0 
SRI 8±0 1±0 0±0 8±0 1±0 1±0 
LR2 9±0 1±0 1±0 9±1 1±0 1±0 
SR2 9±0 1±0 1±0 10± 1 1 ±0 1±0 
LR3 10±1 2±0 1±0 10±1 2±0 1±0 
SR3 10±0 2±0 1±0 10±0 2±0 2±1 
LR4 10±0 2±0 1±0 10± 1 2± 1 2± 1 
SR4 10±0 2±0 1±0 11±1 2±1 2±1 
LR5 11± 1 2±0 1±0 11± 1 2± 1 2± 1 
SR5 11±1 2±1 1±0 11±1 2±1 2±1 
LR6 11±1 2±1 1±0 11±1 2±1 2± 1 
SR6 11 ±1 2± 1 1±0 12±0 3± 1 2± 1 
LR7 11±1 2±1 1±0 12±1 3±1 2±1 
SR7 11±1 2±1 1±0 12±1 3±1 2±1 
LR8 11±1 2±1 1±0 12±1 3±1 2±1 
SR8 12±1 3±1 1±0 12±1 3±1 2± 1 
LR9 12±1 2±1 1±0 12±1 3±1 2±1 
SR9 12±1 3±1 2±0 12±1 3±1 2±1 
LR10 12±1 3±1 2±0 12±1 3±1 2±1 
SR10 12±1 3±1 2±0 12±1 3±1 2±1 
LR11 13±1 3±1 1±0 12±1 3±1 2±1 
SR11 13±1 3±0 1±0 12±1 3±1 2±1 
Exhaustion 19 ±1 3±1 3±1 19 ±1 3±1 3±1 
Values are mean ± S. E. M. 
*P<0.01 increase in ratings over time 
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6.4 DISCUSSION 
The purpose of the present study was to determine the influence of CHO-E 
supplementation throughout simulated tennis matchplay upon physiological, 
perceptual and skill parameters. 
The volume of fluid ingested was increased to 3ml. kg-1. BM in the present study as 
compared to 2ml. kg-1. BM used in studies 1 and 2, due the extent of fluid loss 
observed in these studies. A pre- to post-trial decline in body mass was observed, 
with no differences between conditions throughout or between both trials. Percent 
changes in body mass of -1.8 ± 0.3% and -1.7 ± 0.2% were found in the CHO and 
placebo trials respectively. These net losses reflected fluid lost as sweat, despite 
increasing the volume of fluid ingested to 3 ml. kg-t. BM. This corresponded to a fluid 
intake of - 15 ml. kg. h-1 (total volume =1.41 ± 0.1 L) throughout the trials. 
Similar fluid losses to this study have been reported during tennis matchplay in 
comparable conditions; (Bergeron, 1995; Burke and Ekblom, 1982; Dawson et al. 
1985; Elliot et al. 1985; Therminarias et al. 1991). The results of the pilot study 
(Appendix 0) show that the body mass losses exhibited in the present study are not 
artificial, but are representative of 'actual' matchplay. Bergeron (1996) studied 
matches of 0.9-2.4 hours duration with resultant fluid losses of 2.7 ± 0.8 L. match-1 
and 1.7 ± 0.6 L. match-1 in males and females respectively, despite the ingestion of 1.7 
± 0.5 L. match-t and 1.3 ± 0.6 L. match-l in males and females respectively. It was 
recommended that players should try and replace at least 80% of the fluid lost. 
Gastric emptying rate and rate of absorption have been shown not to be affected by 
exercise type, nor between trained and untrained subjects (Houmard et al. 1991; 
Mitchell et al. 1989a; Rehrer et al. 1989). During intermittent cycling exercise at 
70% V02 max Mitchell et al. (1988) has shown a 96.4% gastric emptying rate for a 
CHO-E beverage when consumed at a rate of 8ml. kg-l. h-1. Furthermore it is unlikely 
that the gastric emptying rate and rate of intestinal absorption were affected at the 
intensity elicited throughout tennis matchplay in the protocol of this study (Costill 
and Saltin, 1974; Murray. 1987a). 
Craig and Cummings (1976) reported endurance performance to decline by 22% and 
V O2max. to decline by 10% when the mean sweat loss was 1.9% body mass. 
Armstrong et al. (1985) has shown a decreased performance time to exhaustion when 
dehydrated as opposed to when hydrated. It was also reported that the longer the 
exercise duration the more the performance was affected. This supports the negative 
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relationship found in this study of r=-0.9, between the change in body mass (%) and 
TTE. This may have been one of the causal factors in the decline in skill in those 
players who performed longer. Burke and Ekblom (1982) found that the maintenance 
of body mass and plasma glucose levels with a CHO beverage was relevant in the 
maintenance of skill levels in tennis. Smith et al. (1995) found vigour and tension to 
decrease and fatigue to increase in subjects who were dehydrated with a body mass 
loss of 2.6 ± 0.5%. 
Previous tennis studies, utilised protocols of matched pairs of players in repeated 
trials (Bergeron et al. 1991; Dawson et al. 1985; Elliot et al. 1985). The methods of 
pairing used in these studies however, lack the control of intensity from trial to trial. 
Although there are more stringent indicators of intensity, in the field, the use of heart 
rate monitors and their feedback was thought to be sufficiently informative and the 
least invasive of techniques. The lack of differences in heart rates from trial to trial, 
has shown that this technique has proven to provide a stringent control of the intensity 
of play from trial to trial. 
When comparing the heart rate response in the current simulated protocol, against 
other studies of matchplay, it has been successful in simulating not only the 
intermittent character of the game but also the peaks and troughs for each different 
phase of the game (Christmass et al. 1993; Docherty, 1982; Morgans et al. 1987). 
Elliot et al. (1985) studied competitive singles matches, played over 1 hour. The 
match statistics were similar to this protocol (italic) with the following heart rate 
responses of each four phases of the game: 80 ±4% to 83 ± 4% (76 ± 1% to 81 ± 
1 %) (service game), 81.6 ± 4.1% to 83.2 ± 4.0% (56 ± 2% to 67 ± 2%) (service 
recovery), 74.6 ± 5.9% to 77.4 ± 5.4% (73 ± 2% to 77 ± I%) (receiving game) and 
77.5 ± 4.6% to 78.9 ± 4.7% (72 ±2% to 77 ±2%) (receiving recovery). 
Heart rates were significantly higher when serving than when receiving in 9 out of the 
11 games played (P<0.001). This result was also observed by Elliot et al. (1985) 
during tennis matchplay. The physical effort involved in serving is thought to be 
greater, with powerful attacking serves followed immediately by repeated hard 
hitting. 
The mean resting blood glucose concentrations of 4.1 ± 0.2 mmol. 1-1 (CHO) and 4.0 
± 0.1 mmol. 1 1 (placebo) were according to Shephard (1987) to be within the range of 
resting values of - 3.9 to 5.0 mmol. 1-1. These values were not different, thus 
reiterating the controlled conditions from trial to trial. 
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Fatigue from prolonged exercise has been associated with glycogen depletion in the 
working muscles (Bergstrom et al. 1967), a reduction in liver glycogen (Hultman et 
al. 1971) and resultant declines in blood glucose concentration (Coyle et al. 1983). 
Through ingesting a 6.5% CHO-E beverage, blood glucose concentrations were 
elevated above resting levels throughout the whole trial. In the CHO-E trial blood 
glucose concentration was greater than that in the placebo trial by the following 
percentages: LR3 (21.8%), LR5 (26.3%), LR7 (25.0%), LR9 (16.7%), Exh (14.5%). 
Similar elevated blood glucose curves have been reported when a CHO beverage was 
ingested throughout tennis matchplay. Mitchell et al. (1992) reported concentrations 
to be higher in the CHO trial as opposed to the placebo trial after 60 mins (31.1%) 
and 120 mins matchplay and Burke and Ekblom (1982) observed concentrations to be 
28.9% greater post- matchplay in a CHO trial as opposed to a placebo trial. 
Despite the drop in blood glucose concentration in the CHO trial from LR5 (@- 38 
min 40s) and 7 (@- 55 min 32s) to LR11 (@- 89 min 16s), blood glucose 
concentrations still remained elevated above those in the placebo trial throughout 
matchplay at the same time points of LR 3 (~ 21 min 48s), 5,7,9 (@- 72 min 24s), 
and exhaustion. In the placebo trial blood glucose concentration remained at resting 
levels throughout matchplay. In contrast, Coyle et al. (1983) showed blood glucose 
concentration to decline after 60 min and significantly after 90 min of prolonged 
strenuous cycling exercise in a placebo trial. However when ingesting a 6% CHO-E 
beverage throughout the above activity Coyle et al. (1983) similarly reported a 
maintenance of the blood glucose concentration above those in the placebo trial. 
Furthermore Burke and Ekblom (1982) reported a decline in blood glucose 
concentrations from pre- to post-matchplay of 11.6% when only water was ingested. 
In situations, such as the placebo trial, whereby CHO becomes restricted, there will 
possibly become a greater reliance upon substrates from the liver and 
gluconeogenesis. Glucose production from the latter is limited and decreases in blood 
glucose concentration may be observed once the glycogen stores become depleted, 
thus eventually leading to hypoglycaemia. This condition was observed in only one 
subject with values as low as 2.4 mmol. 1-1 at the end of matchplay and 1.7 mmol. 1-1 at 
exhaustion. 
However in the CHO-E trial, the ingestion of a CHO-E beverage may place a greater 
reliance upon blood glucose as exercise duration increases and less reliance upon 
muscle glycogen and liver glucose production. The provision of a CHO-E beverage 
may therefore result in less muscle glycogen depletion, especially with the possible 
resynthesis of the inactive muscle fibres in the low intensity rest periods (Tsintzas et 
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al. 1996). In the later stages of exercise the blood glucose concentration has been 
maintained or elevated compared to the condition whereby no CHO was given at all. 
This elevation of the blood glucose curve was also exhibited by Mitchell et al. 
(1989b). The fate of the ingested glucose that is not oxidised, however, is unclear 
(Coyle, 1992). 
Various views exist as to whether the CHO-E supplements cause a glycogen sparing 
effect, or whether the exercising muscles rely more on blood glucose in the later stage 
of exercise (Coyle, et al., 1986). Tsintzas, et al. (1993b; 1994) reported a glycogen 
sparing effect of 28% in subjects, in the vastus lateralis type 1 muscle fibres, at the 
same time point as LR 7 in this study, when a 5.5% CHO-E solution was ingested 
during continuous treadmill running. Coggan and Coyle (1991) and Hargreaves and 
Briggs (1988) did not however find any such glycogen sparing effect in cycling 
exercise. 
In the performance test a significant increase in blood glucose concentration was 
observed, similarly in both conditions from LR 11 to exhaustion. However at 
exhaustion the blood glucose concentrations in the CHO-E trial remained higher than 
those in the placebo trial. Due to the elevation of the blood lactate curve at exhaustion 
and the lack of condition effect with the blood lactate concentration at this point, one 
may cautiously speculate that the CHO oxidation rates may have been similar 
throughout the PT in both conditions. 
Blood lactate concentrations remained at resting levels throughout matchplay, with no 
condition effect. Minimal lactate responses have also been observed in study 2 and 
also by other researchers throughout tennis matchplay (Bergeron et al. 1991, 
Christmass et al. 1993; Reilly and Palmer, 1993; Schönborn, 1986). Thus this 
protocol seems to simulate the metabolic responses of 'actual' matchplay. It would 
seem therefore that anaerobic glycolysis played a minor role during matchplay, with 
many opportunities becoming available to remove the lactate produced, during the 
recovery periods. Changeovers provide ideal opportunities for the replenishment of 
the short term energy substrates. In the CHO-E trial the CHO provided, may possibly 
have resulted in reduced fat oxidation, BCAA oxidation and a possible glycogen 
sparing effect. 
In the performance test the blood lactate concentration for both the CHO and placebo 
trials increased from 1.2 mmol. 1 1 (LR11) to 7.0 mmol. 1-1 (exhaustion). Higher levels 
of blood lactate may have been associated with an increased number of muscle fibres 
recruited and an increase in type II fibres utilised (Bacharach et al. 1994). Blood 
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lactate concentrations of between 7-8 mmol. 1-1 were reported to be associated with 
technical and tactical function deficits at the top level in tennis (Liesen, 1983). 
Furthermore, Green (1979) observed a loss of control and a decline in skilled ice 
hockey performance with similar levels of blood lactate to the above. Further declines 
in precision were found by Ekblom (1986) in soccer players. Such declines in 
precision, observed in sports which require both upper and lower body exercise, may 
be associated with a reduced glucose uptake into the larger leg muscles, possibly due 
to a decrease in plasma insulin and inhibition of hexokinase (Richter et al. 1988). 
A relationship was found between TTE and blood lactate levels in both the CHO-E 
and placebo trials of r= -0.92 and r=-0.67 respectively. This may indicate that those 
subjects who had lower blood lactate concentrations, were able to exercise for longer 
and thus blood lactate concentration may not have significantly contributed to fatigue, 
whereas in those subjects who performed for shorter periods, blood lactate 
concentration may have made a significant contribution to the fatigue experienced. 
As matchplay progressed, ratings of perceived exertion increased, thus reflecting a 
greater degree of physiological and possible psychological stress placed upon the 
players. Although no differences between conditions were observed, subjects 
expressed that they felt "more lethargic and found it harder to keep their 
concentration" in the placebo trial as opposed to the CHO-E trial. 
Ratings increased from 13 ±1 to 19 ±1 and from 12 ±1 to 19 ±1 in the CHO-E and 
placebo trials respectively (post-matchplay to exhaustion). The PT seemed to cause a 
considerable amount of physiological /psychological stress, with ratings increasing by 
29.6% (CHO-E) and by 36.1% (placebo) from post-matchplay to the point of 
exhaustion. The increase in ratings in both conditions may also have reflected the 
local muscle soreness in the forearms, possibly associated with the decline in grip 
strength throughout the trials (Balogun, 1987). 
The gut fullness rating was the only available method of quantifying the stomach 
contents in this study, as gastric emptying was not measured. Ratings have in the past 
been shown to have a good relationship with the volume of fluid in the stomach and 
are particularly useful indicators when used in a field study such as Tennis (Mitchell 
and Voss, 1991). 
Although no differences were observed between conditions, gut fullness was seen to 
increase over time with an end rating of 'slightly' to 'fairly full'. This would suggest 
that the clearance. of fluid from the gut and intestine were comparable for both 
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conditions (Costill and Saltin, 1974; Mitchell et al. 1989a). Thus it may be suggested 
that perhaps the concentration was not the main cause for this increased rating but 
more likely other factors such as the volume of fluid ingested. This does not explain 
the fluid losses of -1.8% (CHO-E) and -1.770 (placebo) respectively. It may have been 
more appropriate to have administered larger volumes of fluid, thus also gaining the 
advantages of improved gastric emptying (Beckers and Rehrer, 1994; Costill and 
Miller, 1980; Costill and Saltin, 1974). 
The gut fullness and abdominal discomfort ratings seemed to be closely related. 
Similar gut fullness and abdominal discomfort ratings to this study were observed 
throughout 105 minutes of tennis matchplay, with the administration of a 6.9% CHO- 
E beverage (McCarthy et al. 1995). Solutions with concentrations of 6 to 8% have 
been shown to be absorbed as rapidly as water (Davis, 1988; Febbraio, 1995). Coyle 
(1992) has suggested that the average rate of gastric emptying is 1,250m1. hr-1 for 
water and CHO solutions up to 8%. Thus volumes of 625-1,250 ml. hr-1 of beverages 
containing 4-8% CHO were recommended. The volume of fluid ingested in this study 
falls into this category, with the ingestion of 1050 ml. hr-t of a 6% CHO-E solution. 
Many subjects commented that they did not usually consume fluids throughout 
practice and tennis matchplay. This may have been the cause of the 'unbearable pain' 
rating in one subject at the cessation of both trials. 
An order effect (independent of condition) was observed in mean time to exhaustion, 
with trial 2 being of a longer duration (24.8 ± 8.2 min) than trial 1 (16.2 ± 4.5 min). 
The random assignment of conditions to trials caused a distribution whereby in 5 of 
the 10 subjects the placebo trial preceded the CHO feeding trial and the converse 
occurred in the remaining 5 subjects. Nevertheless any enhanced performance 
exhibited from the CHO ingestion may have been masked by this order effect, despite 
the same conditions for both the CHO and placebo trials. The order effect may have 
reflected learning despite the familiarisation of subjects with the test. 
Mean times to exhaustion of 22.4 min and 18.5 min for the CHO and placebo 
conditions did not differ. The trend however suggested a slightly longer performance 
time in the CHO trial. Performance improvements during cycling, treadmill running, 
ice hockey and Tennis have been reported when CHO was supplemented throughout 
(Burke et al. (1982), Ivy et al. (1983). Coyle et al. (1983), Fielding et al. (1985), 
Davis et al (1986), Simard et al. (1988), Murray et al. (1991), Mitchell et al. (1992), 
Wilber and Moffatt (1992), Tsintzas et al. (1993a, 1993b, 1996), Vergauwen et al. 
(19`)6)). 
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The variation in TTE between subjects in this study were quite marked. The 
relationship between TTE and training status, blood glucose, grip strength and fatigue 
index were low. Strong relationships were however observed between blood lactate 
concentration and TTE. As discussed earlier, due to the lack of differences between 
conditions in blood lactate concentration at exhaustion and the relationship shown 
above, blood lactate levels may have had a significant impact at this point in time. 
No order effect was seen in dominant grip strength from trial to trial. An order effect 
was observed however in non-dominant grip strength (independent of condition), with 
greater values in trial 1 than in trial 2. However although no condition effect was 
observed in grip strength and grip fatigue index (%) on the non-dominant side 
throughout the trials, any enhanced performance exhibited from the CHO ingestion 
may have been masked by this order effect, despite the same conditions for both the 
CHO and placebo trials. 
Although no condition effect was observed in grip strength and grip fatigue index (%) 
throughout the trials, a whole group decline in both parameters was observed. Due to 
the lack of influence of CHO-E supplementation upon -rip strength, the low 
relationship between blood glucose and grip strength and the lack of low blood 
glucose concentrations in this study, the neural derangement associated with low 
blood glucose levels was unlikely to be the cause of this decline. The decrease in grip 
strength and resultant increase in fatigue index seems more likely to be associated 
with local muscular fatigue in the gripping muscles of the upper body. 
In contrast, Kramer and Knudson (1992) reported an increase in grip strength over 
time, when tennis players gripped repeatedly for 3s with a 25s rest period in between 
each trial for 30 trials. It was concluded that the tennis players were resistant to this 
form of fatigue, possibly through training and the experience of typical gripping 
forces in tennis. In contrast to this result however Montazer and Thomas (1991) 
showed grip strength to decline over 30 maximal gripping trials separated by 15s rest 
periods. Furthermore, Elliot (1982) and Watanabe et al. (1979) found a relationship 
between grip strength and ball control at impact. 
Some subjects reported muscle soreness from the grip strength test prior to the 
performance test. Balogun (1987) investigated the acute effects of high frequency 
electrical stimulation upon grip strength and grip endurance. The results showed grip 
strength to decline after maximal stimulation and to remain suppressed after a 30 min 
recovery with only 79.1% of initial grip endurance being restored. In the present 
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study the negative relationships found between dominant grip strength (0 min) and 
grip strength changes (0 min reading minus 1 min reading) with TTE, may signify 
that the decline in grip strength pre-trial to post-performance test may have had an 
effect on both the TTE and the decline in skill. 
No differences were found in skill parameters over the first 4 minutes of the 
performance test and furthermore no differences were exhibited in out and 
consistency scores throughout the performance test to exhaustion when comparing the 
two conditions. The accuracy scores at the start of the performance test did not differ 
between conditions, indicating that this test was controlled from trial to trial. 
Furthermore hitting accuracy was maintained throughout the performance test in the 
CHO-E trial, in contrast to the decline in accuracy observed in the placebo trial. Thus 
not only was blood glucose concentration maintained in an elevated state in the CHO- 
E trial, but so too was the accuracy skill curve. It would seem that supplementing with 
a CHO-E solution had a beneficial effect upon hitting accuracy, in contrast with the 
placebo trial, which showed a considerable decline in accuracy of hitting without 
CHO-E supplementation. 
Research into the influence of a CHO diet upon the cognitive processes in tennis is 
scarce. However, Keul et al. (1995) have observed improved mental performance in 
motor racers with a CHO diet. The error rate over a 110 km long and difficult course 
was lower in the last third of the test when CHO was supplemented. This supports the 
results of the current study. Furthermore, Moser et al. (1983) showed a CHO diet to 
significantly improve multiple reaction capacity. Thus it would seem that in tennis the 
maintenance of blood glucose levels with CHO-E beverages seems relevant to 
decrease the amount of errors and maintain skill levels in tennis performance. Burke 
and Ekblom (1982) also showed a 7.5% CHO-E beverage to have an influence on 
tennis performance. An 8.9% increase in blood glucose concentration was observed 
in the CHO-E trial, in contrast with a water placebo. Furthermore, an increase of 
10.2% in total points scored and a decrease in errors of 21.6% on a skill test were also 
reported in the CHO-E trial. Vertical jumping power was also improved by 11.6% on 
the CHO-E trial as opposed to a mere 1.3% increase on the water placebo trial. This 
may have had the effect of balls being hit harder and less shots being hit in the net. 
No performance improvements were shown however when a 7.5% glucose polymer 
CHO beverage was ingested throughout 3 hours tennis matchplay (Mitchell, et al., 
1992). The performance indicators of service velocity, shuttle run time, first and 
second serve percentage and unforced errors, all declined over the trial, independent 
of condition effect (Mitchell et al. 1992). McCarthy et al. (1995) showed no effect of 
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a 6.9% CHO beverage upon the tennis performance indicators of service speed, Fan 
drill times and percentage points won and lost. However, blood glucose 
concentrations remained elevated in the CHO trial over 105 minutes simulated 
matchplay. Ivy et al. (1983) also showed no effect of a CHO beverage on 
psychomotor tests following exhaustive exercise. 
Struder et al. (1995b) reported a decline in most plasma amino acids during long 
lasting tennis matches, whereby BCAA may have contributed as energy substrates in 
situations independent of extreme blood glucose depletion and without leading to 
extreme accumulation of ammonia. It may be cautiously speculated that carbohydrate 
supplementation in the present study may have limited the quantity of fat oxidation 
and BCAA utilisation, thus possibly improving mental and skilled performance, 
whereas in the placebo trial, central fatigue may possibly have occurred with a 
resultant decline in skilled performance despite the relatively basal levels of blood 
glucose. 
In summary, the ingestion of a 6.9% CHO-E beverage had a positive influence of 
maintaining tennis hitting accuracy, in contrast to a deterioration in hitting accuracy 
in the placebo trial at the end of tennis matchplay respectively. The elevated blood 
glucose concentration throughout matchplay in the CHO-E trial may have been the 
reason for this maintenance in skill, observed. 
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CHAPTER 7 
GENERAL DISCUSSION 
The principal aim of the present thesis was to examine the physiology of the game of 
tennis with particular reference to skill, fatigue and nutritional intervention. 
The main aim of study 1, was to examine the relationship between fatigue and tennis 
skill. To this end, tennis players performed a skill test, before and after - 40 min of 
short intermittent bouts of hitting, at near maximum intensity. A decline in skill was 
observed when players became fatigued. Since a well documented link between low 
carbohydrate stores and the onset of fatigue exists, it was hypothesised that the 
decline in skill would be prevented by nutritional intervention. 
The aim of study 2 was to investigate the effect of a high carbohydrate diet on tennis 
skill, 22-h after a prolonged tennis hitting bout. A skill test before and after was 
performed on two consecutive days. One group consumed a high carbohydrate diet 
and the other group consumed an isocaloric diet. The prolonged tennis hitting was 
designed to lower the body's carbohydrate stores. To achieve this latter goal the 
hitting intensity had to be reduced. This was achieved through reducing the ball 
machine feeding frequency and by setting a reduced hitting intensity, through the use 
of upper and lower limits on the watch receiver. This latter method of altering the 
intensity had the added benefit of maintaining a similar hitting intensity between 
players, throughout all testing. 
When the high carbohydrate diet was ingested, the skill of service accuracy to the 
right court was maintained. It was also interesting to note that both hitting to fatigue 
in study 1 and hitting from one day to the next, in study 2, specifically affected 
serving accuracy to the right court. The metabolic and cardiovascular responses to 
performing the skill tests in studies I and 2 seemed to be consistent with previous 
tennis studies in the literature. These skill tests used in studies 1 and 2 revealed a 
decline in service hitting accuracy, despite the fact that the performance tests did not 
include any form of serving. This posed the question as to whether the act of serving 
and playing out a point, within 'actual' matchplay, as opposed to the performance test 
in studies 1 and 2, may further affect hitting performance. The decline in certain 
aspects of skill, observed following tennis hitting to exhaustion (study 1), was 
prevented when the test was repeated following a 22-h high carbohydrate diet (study 
2). In study 3 therefore, the question which was addressed was whether this decline in 
certain aspects of skill, could also he prevented when a 6.9% carbohydrate-electrolyte 
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solution was ingested, when players played 'actual' games. Therefore, 'actual' 
matchplay was simulated in study 3 from match analyses of 7 professional tennis 
matches. This simulation allowed the subjects to play, not only groundstroke returns, 
but also to serve and await a return. Furthermore, this 'actual' matchplay, allowed 
subjects to try and perceive both the direction and characteristics of the return of serve 
through picking up cues from the angle of the ball machine feeding tube. 
In every match that is played, it is not only a case of performing well in the early 
stages of that match, but it is also important to be able to maintain performance 
throughout the later stages of the match, after all it is at this point in time when 
concentration and accurate shots are essential. For this reason, in study 3, skill was 
monitored during a performance test following 90 min simulated matchplay. This 
post-matchplay performance test, was also used to assess endurance capacity, since 
subjects were hitting at a near maximal intensity. 
In study 3, similar declines to study 1 were observed in groundstroke hitting accuracy. 
This indicated that the protocol developed in study 1 was successful in producing 
similar declines in hitting accuracy to 'actual' matchplay. Hitting accuracy was seen to 
decline from the start of the performance test to exhaustion (-70%) in study 1 and 
from the start of the performance test to exhaustion (-80%) in the placebo trial in 
study 3. As expected, when a 6.9% carbohydrate-electrolyte solution was ingested 
throughout matchplay, a decline in hitting accuracy was prevented. It was proposed 
that the elevated blood glucose concentration observed in the carbohydrate-electrolyte 
trial, compared with the placebo trial may have been the major contributor to the 
maintenance of hitting accuracy, by improving concentration and reaction time. This 
might have been particularly true in one subject who was hypoglycaemic at the end of 
matchplay in the placebo trial. 
However, since the vast majority of subjects did not manifest hypoglycaemia, an 
alternative mechanism could explain the improved skill observed. Although there is a 
lack of evidence regarding muscle glycogen utilisation during tennis matchplay, 
whole muscle glycogen utilisation was observed to be reduced by 21% when 50g/h of 
a carbohydrate-electrolyte solution was ingested during 90 min of high intensity 
intermittent running (Nicholas et al. 1994). Furthermore, improved performance in 
this form of exercise was thought to be associated with this lower glycogen utilisation 
(Nicholas et al. 1995). The predominant utilisation of the type II muscle fibres is 
expected when performing tennis skills at a high intensity. This hypothesis was 
supported by Nicholas et al. (1996) who reported that the ingestion of a 6.9% 
carbohydrate-electrolyte solution throughout intermittent running activity resulted in 
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a sparing of muscle glycogen, predominantly in the type II muscle fibres. Thus the 
ingestion of a carbohydrate-electrolyte solution throughout tennis matchplay may 
have resulted in a lower utilisation of muscle glycogen in the type II fibres when 
compared with the placebo trial. This may explain the improved hitting accuracy 
observed in the carbohydrate-electrolyte trial in study 3. 
It has to be pointed out that in the research of Nicholas et al. (1996), muscle glycogen 
utilisation was determined during leg exercise. Since an inverse relationship seems to 
exist between glucose uptake and muscle mass (Richter et al 1988), it is not known to 
what extent the simultaneous use of arm and leg exercise, observed during tennis 
actions, would affect muscle glycogen utilisation. 
Further possible explanations for the improved skill may be associated with factors 
relating to central fatigue (Davis et al. 1992). Tryptophan availability to the brain is 
hypothesised to increase when the ratio of f-tryp to BCAA increases following 
prolonged exercise (Davis et al. 1996). Struder et al. (1995) have observed BCAA to 
decline by ~30% and an eight fold increase in FFA during 4 hours of intense tennis 
matchplay. It is possible therefore that an increase in f-tryp/BCAA ratio may have 
resulted in an increased availability of f-tryp to the brain and hence an increased brain 
5-HT activity which is thought to be implicated with central fatigue. The decline in 
skill exhibited in the present studies, without the supplementation of a carbohydrate- 
electrolyte beverage may have been associated with the aspect of central fatigue. 
Since tryptophan and FFA compete for binding sites on albumin, the ingestion of a 
carbohydrate-electrolyte solution throughout tennis matchplay, would result in a 
decrease in f-tryp, by reducing plasma FFA concentration and f-tiyp/BCAA ratio, and 
thus a reduction in 5-HT activity in the brain. Thus ingesting a carbohydrate- 
electrolyte solution, might maintain hitting accuracy by sustaining concentration and 
reaction time. As mentioned previously, the ingestion of carbohydrate, in an attempt 
to delay central fatigue is associated with far less physiological disturbances than the 
ingestion of BCAA. 
The blood lactate response in particular in studies 1 and 3, provides a further possible 
explanation for the decline in skill observed in certain aspects of tennis skill. The 
elevated blood lactate response from the performance tests in studies I and 2 possibly 
indicated a high contribution from anaerobic glycolysis. Liesen (1983) reported blood 
lactate levels of between 7 to 8 mmol. 1-1 to be associated with technical and tactical 
functional breakdown, during tennis matchplay. It cannot be ruled out, therefore, that 
one of the causes for the decline in hitting accuracy, exhibited in the performance test 
in studies I and 3. may have been due to the high levels of the end products of 
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glycolysis, i. e. lactate and H+ ions which have been implicated in fatigue during high 
intensity exercise. 
In studies 1 and 2 subjects complained of sore forearms and a reduced grip strength. 
The angle of the racket head is an important contributory factor, when hitting for 
accuracy, in the game of tennis. Every player has their own type and tension of grip 
on the racket. The strength of grip and the maintenance, or endurance of that grip may 
however, be an important link in maintaining accuracy when hitting. For this reason 
grip strength and endurance and their link with skill, were also monitored in study 3. 
It was found that grip strength decreased and grip fatigue index (percentage drop in 
grip endurance) increased at the point of exhaustion. This may have been associated 
with the high levels of metabolic end products of glycolysis in the muscles, 
specifically involved in gripping the racket. It is unknown however, to what extent the 
decline in grip strength and grip endurance may have contributed to the breakdown in 
hitting accuracy observed, during exercise with and without carbohydrate. However 
the ingestion of the carbohydrate-electrolyte solution did not prevent these changes. 
The dual purpose of ingesting a carbohydrate-electrolyte solution, was i) to 
supplement the carbohydrate stores and ii) to offset dehydration due to sweating. The 
changes in body mass, due to exercise induced dehydration, exhibited in all of the 
present studies, were consistent with previous tennis research. In a pilot study 
conducted on competitive tennis matches (Appendix 0), twenty (14 male, 6 female) 
players aged 12 to 14 years were measured in tennis competition at the extreme 
temperature of 28 ± 0.5°C and relative humidity of 43 ± 3%. The body mass changes 
and resultant fluid losses incurred, during matches ranging in length from 50 to 150 
min, with a mean match length of 86 min, were recorded as -2.3 ± 0.2%. These values 
indicated that the changes in body mass observed during studies 1,2 and 3 were 
similar to those observed during 'actual' matchplay, even in extreme environmental 
conditions. The results of the above pilot study were used as a guide for fluid 
replacement during the simulated tennis matchplay. Consequently, the volume of 
fluid ingested in study 3 was 3ml. kg-IBM every 15 min (total fluid intake 1.4 ± 0.11). 
Despite this fluid replacement, the subjects still experienced a significant level of 
dehydration (-2%BM). It is well established that a 2% deficit in body water would 
result in impaired performance (Corrigan et al. 1984, Craig and Cummings, 1966, 
1976, Saltin, 1964, Smith et al. 1995). Hence, the fact that the level of dehydration 
was similar, but accuracy was maintained with the carbohydrate-electrolyte trial, 
suggests that the level of hydration was not responsible for the decline in skill 
performance. 
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This thesis has attempted to address some of the factors that affect tennis skill and 
endurance performance during tennis matchplay, with particular reference to fatigue 
and dietary manipulation. Fatigue was observed to negatively affect hitting accuracy 
both in the groundstrokes and specifically in the service to the right court and cross 
court backhand. Furthermore, the declines in the service to the right court accuracy 
and groundstroke hitting consistency were prevented when the test was repeated 
following a 22-h high carbohydrate recovery diet. The protocol developed in study 1 
was successful in producing similar declines in hitting accuracy to 'actual' matchplay 
(study 3). Such declines in accuracy were however prevented when a carbohydrate- 
electrolyte beverage was ingested throughout matchplay. It is possible that preserving 
the limited muscle glycogen stores by either consuming a high carbohydrate diet 
before, or a carbohydrate-electrolyte solution during exercise, so often observed 
during matchplay, prevented the decline in certain aspects of tennis skill. 
At the 'elite' level, tennis players are constantly striving to gain an advantage over 
their opponents. One advantage, would be, for players to be able to maintain their 
skill level throughout tennis matchplay. This becomes specifically important when 
players perform in matches which can last anything from 1- 5 hours. In situations like 
this, the match is invariably decided in the last set. The findings of the present thesis 
demonstrate this advantage, with the maintenance of certain aspects of skill, when a 
high carbohydrate diet or a carbohydrate-electrolyte solution is consumed before or 
during matchplay respectively. Although invasive techniques were not conducted in 
the present studies, this permitted the participation of an 'elite' sample of players. 
Therefore, these findings are more related to the 'elite' player in actual matchplay. 
Thus the objective of 'elite' tennis players, to maintain peak performance, may be 
enhanced. 
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APPENDIX B: FOOD RECORD DIARY 
CONFIDENTIAL NAME AND ADDRESS 
SEX M 
F 
DATE OF START OF DIET...... /...... /..... . 
AGE 
.............. 
YRS 
FOOD RECORD DIARY 
Please record everything you eat and drink during the next -ct$Q days. Instructions and an 
example are given inside. 
Information about your diet will be treated in confidence and results will be returned to you as 
soon as possible. 
INSTRUCTION FOR USING THE FOOD DIARY 
Everything that you eat and drink over the next -days should be weighed and the weight 
and type of food or drink recorded. 
For solid foods, the food should be placed on the scale on a plate or container. The plate or 
container must be weighed empty first and the scales can then be zeroed. Each item of food 
can then be added to the plate and weighed individually, returning the scales to zero between 
each item. 
eg. Plate 1 50g, zero scale. 
Roast Beef 100g, zero scale. 
Potato 1 50g, zero scale. 
Gravy 30g, zero scale. 
For drinks, a cup or glass must first be weighed and then the scale can be returned to zero and 
the drink added. Please remember to record separately the weight of tea, milk and sugar put 
into a drink. 
Do not forget to weigh and record second helpings and between meal snacks. 
Any leftovers (eg apple cores) should also be weighed and recorded in the leftovers column 
Eating Out - Most people eat foods away from home each day, please do not forget to 
record these. Take your diary and scales with you where ever it is possible. if this is too 
inconvenient just record the type of food eaten with an estimated weight - but please say 
when a weight has been estimated. 
Most snack foods will have the weight of the food on . he packer so they do not need weighing 
if you eat the whole packet yourself. 
Names and descriptions of foods should be as detailed as possible, including the brand name 
and any other information available. 
eg. Cheese - is insufficient information. 
Cheese, cheddar (Shape reduced fat) - is sufficient information. 
Start a new page in your diary for each day, and record each item on a separate line. 
Record the time of day in the first column of each line. 
eg. 10.30 am Mcvities Biscuits (2) 50g 
Digestive 
The space provided at the foot of each page for general comments is for you to give any further 
information about your diet and your training/activity for that day. 
eg. Steady run, morning 1 hour. 
Missed lunch due to stomach pains. 
A full example sheet is given over page showing how to record a days food and how to fill in 
the comments section. 
Please try to be as accurate as possible and try to choose a fairly typical week to record. For 
instance do not record a week when you are on holiday or when you are ill, if you feel that this 
would alter your normal diet or activities. 
USING THE SCALES 
Switch on the scales by pressing the right hand side of the display. Wait until 8888 appears on 
the face. 
When scales are ready for use a Zero will appear. 
Place plate, cup or other container on the scales and record the weight. 
Zero the scale again by pressing right hand side of display and add food, one item at a time. 
Write down the weight of each item of food, zero the scales and add the next item. 
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APPENDIX C: Example Recovery Diet and Food Exchanges. 
Example Recovery Diet: 
% energy 
Body mass: 60.6 kg 
Average energy intake (kcals) 2530 
Average CHO intake (g) 384 56.9 
Average protein intake (g) 96.85 15.3 
Average fat intake (g) 77.82 27.7 
Average alcohol intake (g) 0 0 
10g CHO. kg-1B M 606 
With extra g CHO 222 
With extra kcal E 832.5 
Total kcal E 3362.5 
CON DIET 
No. of exchanges No. of exchanges kcals g of CHO 
incl. breakfast excl. breakfast 
H CHO 8 8 640 144 
M CHO 6 5 480 78 
MEAT 9 4 720 0 
FRUIT 8 8 320 96 
FAT 9 8 720 0 
MILK 6 5.5 480 66 
TOTALS 3360 384 
TOTALS 3362.5 384 
CHO DIET 
No. of exchanges No. of exchanges kcals g of CHO 
incl. breakfast excl. breakfast 
H CHO 12 9 960 216 
M CHO 11 9 880 143 
MEAT 3 3 240 0 
FRUIT 16 13 640 192 
FAT 3 3 240 0 
MILK 3.75 3.75 400 55 
TOTALS 3360 606 
TOTALS 3362.5 606 
HIGH CARBOHYDRATE EXCHANGES 
The specific weights of all of these food items contain one high 
CHO exchange and are interchangeable. Try to choose a variety of 
these foods. 
Amount Food description Energy CHO 
(g) (kcal) (g) 
20 (3tbs) Cornflakes 74 17 
20 (5 tbs) Rice Krispies 75 18 
25 (2) Ryvita/crispbread 80 18 
100 (2 egg size) Boiled potatoes 80 20 
100 (1 small) Jacket potatoes 85 20 
60 Boiled rice 74 18 
65 Boiled spaghetti 76 17 
1 30 (1/3 tin) Spaghetti in tom sauce 77 16 
100 (3 tbs) Sweetcorn 76 16 
130 Jelly (made-up) 77 18 
25 (1 slice) Swiss roll 76 16 
24 (2) Jaffa cakes 88 16 
30 French bread 81 17 
MEDIUM CHO EXCHANGES 
The specific weights of all of these food items contain one medium CHO 
exchange and are interchangeable. Try to choose a variety of these foods. 
Amount Food description ENERGY CHO 
(g) (kcal) (g) 
20 (3tbs) Fruit 'n Fibre 70 15 
22 (1) Shredded Wheat 72 15 
20 (3tbs) Shreddies 66 15 
30 (5tbs) Bran cereal 82 13 
20 (heaped tbs) Porridge oats (raw wt) 80 15 
20 (heaped tbs) Muesli 74 13 
20 (3) Cream crackers 88 14 
20 (1) Weetabix 68 14 
30 (1 slice) White bread 70 15 
30 (1 slice) Wholemeal bread 65 13 
15 (1) Sweet biscuits 71 10 
(eg. digestives) 
70 (large scoop) Mashed potatoes 83 13 
50 (1 small) Roast potatoes 79 14 
30 (3) Chips 76 11 
100 (3t b s) Processed peas 80 14 
125 (3tbs) Baked beans 80 13 
80 (2tbs) Cooked pulses (eg. lentils) 76 14 
75 (1/2 pot) Fruit yoghurt (low-fat) 72 14 
80 (1/5 tin) Canned rice pudding 73 12 
35 (tbs) Fruit crumble 73 13 
20 (1/2 indiv) Fruit pie (individual) 74 11 
20 (1i4 slice) Plain fruit cake 71 12 
20 (1) Jam tart (individual) 77 13 
20 (3 heaped tsp) Drinking chocolate/horlicks 76 15 
100 (3tbs) Frozen peas (boiled) 69 10 
MEAT EXCHANGES 
The specific weights of all of these food items contain one meat exchange 
and are interchangeable. Try to choose a variety of these foods. 
Amount Food description ENERGY CHO 
(g) (kcal) (g) 
50 (thick slice) Lean beef (cooked wt) 78 0 
35 (tbs) Minced beef 80 0 
35 (1 cube) Stewed beef 78 0 
30 (1 small) Beefburgers 79 2 
35 (thin slice) Corned beef 76 0 
60 (2tbs) Bolognese sauce 83 2 
40 (thick slice) Lean roast iamb 76 0 
60 (cutlet) Lean Iamb chop 74 0 
60 (sml chop) Lean pork chop 80 0 
25 (1 thin) Grilled pork sausage 80 3 
60 (2 thin slices) Lean ham 72 0 
30 (1 rasher) Grilled bacon (lean) 88 0 
25 (2 tsps) Liver pate/sausage 78 1 
35 (sml slice) Fried liver 81 1 
25 (1/8 small tin) Tuna fish in oil (drained) 73 0 
67 (1/3 small tin) Tuna fish in brine (drained) 80 0 
80 (med fillet) Grilled white fish 76 0 
50 (2) Sardines in torn sauce 86 0 
20 (sml chunk) Cheddar cheese 81 0 
75 (2 tbsp) Cottage cheese 81 0 
25 (sml chunk) Edam/Gouda cheese 85 0 
30 (1/2) Fried egg 70 0 
60 (1) Boiled egg 88 0 
35 (1/2) Scrambled egg 86 0 
40 (2/3 egg) Omlette 76 0 
50 (1) Poached egg 78 0 
55 (Ige slice) Roast chicken 83 0 
55 (Ige slice) Roast turkey 77 0 
FRUIT EXCHANGES 
The specific weights of all the food items contain one fruit exchange and 
are interchangeable. Try to choose a variety of these foods. 
Amount Food description ENERGY CHO 
(g) (kcal) (g) 
125 (med) Apple (with core) 44 12 
50 (1/2) Banana (flesh only) 47 12 
80 (16) Grapes 48 12 
140 (med) Orange (no skin) 49 12 
200 (sml) Grapefruit (no skin) 44 11 
200 (slice) Honeydew melon 42 10 
75 (2 tbsp) Stewed fruit with sugar 50 13 
150 (4 tbsp) Stewed fruit, no sugar 48 12 
50 (1/8 tin) Tinned fruit in syrup 49 13 
120 (wine glass) Unsweetened orange juice 46 11 
40 (med) Orange squash 43 11 
70 (1 /5 can) Lucozade 48 13 
200 (med glass) Lemonade 42 11 
100 (1/3 can) Coca cola 39 11 
20 (1/3 measure) Ribena (concentrate) 46 1 
15 (heaped tsp) Marmalade or jam 3-0 10 
15 (heaped tsp) Honey 43 12 
10 (2 tsp) Sugar 40 11 
20 (2 tbsp) Raisins 50 12 
FAT EXCHANGES 
The specific weights of all the food items contain one fat exchange and 
are interchangeable. Try to choose a variety of these foods. 
Amount 
(g) 
10 (pat) 
20 (2 pats) 
30 (3 pats) 
20 (sml chunk) 
20 (2 tsp) 
30 (Ige triangle) 
17 (sml chunk) 
35 (2 tbsp) 
12 (med) 
10 (heaped tsp) 
15 (15) 
35 (1/4) 
MILK EXCHANGES 
Food description ENERGY CHO 
(kcal) (g) 
Margarine/butter 73 0 
Low fat spread (eg, Gold) 73 0 
Very low fat spread 81 0 
Cheddar cheese 81 0 
Cream cheese 88 0 
Cheese spread 85 0 
Stilton cheese 79 0 
Single cream 74 1 
French dressing 79 0 
Mayonnaise 72 0 
Peanuts/other nuts 86 1 
Avocado pear 78 1 
The specific weights of all the food items contain one milk exchange and 
are interchangeable. Try to choose a variety of these foods. 
Amount Food description ENERGY CHO 
(g) (kcal) (g) 
150 (sml glass) Whole milk 98 7 
200 (1/3 pint) Semi-skimmed milk 98 10 
250 (Ige glass) Skimmed milk 83 13 
75 (1/4 carton) Custard 88 13 
50 (sml scoop) Ice cream 83 10 
150 (sml bowl) "Cream of soup 80 a 
150 (pot) Yoghurt (natural) 84 11 
MISCELLANEOUS 
These foods contain more than one exchange which must be included in 
your daily allowance. 
Amount Food description 
(g) 
70 (1 m ini) Cheese & tom pizza 
25 (1/4 slice) Cheesecake 
45 (1/2) Doughnut 
100 (Ige portion) White sauce 
50 (1 sml) Pancakes 
75 (sml slice) Meat pie 
75 (1/2 small) Cornish pastie 
25 (bag) Potato crisps 
20 (1/3 bar) Mars bar, Snickers etc 
32 (2/3 bar) Chocolate bar 
FREE FOODS 
EXCHANGES 
1 med CHO & 1 fat 
0 
.5 med 
CHO & 1 fat 
1 med CHO & 1 fat 
1 med CHO & 1 fat 
1 med CHO & 1 fat 
1 med CHO, 1 meat, & 
1 fat 
1 med CHO, 1 meat, & 
1 fat 
1 med CHO & 1 fat 
1 med CHO & 1 fat 
1 med CHO & 1 fat 
These foods are fairly low in calories and carbohydrate and can therefore 
be eaten as desired. Remember to include them in your food diary. 
Black tea and coffee, diet cola, low calorie drinks and squashes, siimiine 
drinks, soda and mineral water, oxo, marmite, bovril and yeast extract. 
Asparagus, aubergines, broccoli, brussel sprouts, cabbage, cauliflower, 
carrots, celery, courgettes, cucumber, green beans, french beans, leeks, 
lettuce, marrow, mushrooms, onions, spring greens, spinach, swede, 
tomatoes (fresh or tinned). 
Clear pickles, eg, pickled onions, gherkins, cabbage, peppers. 
Salt, pepper, vinegar, lemon juice, lemons. 
Artificial sweeteners, eg. Saccharin, Nutrasweet, Canderel or aspartame. 
APPENDIX D: RATE OF PERCEIVED EXERTION (BORG 1973) 
6 
7 Very very light 
8 
9 -j- Very light 
10 
11 -1- Fairly light 
12 
13 -1- Foirly hard 
14 
15 
16 
Hard 
17 -j- Very hard 
18 
19 -j-- Very very hard 
20ý Maximum 
APPENDIX E: ABDOMINAL DISCOMFORT SCALE 
Abdominal Discomfort Scale 
0 Completely comfortable 
1 
2 ý"- Fairiy comfortable 
3 
4 r-- Slight discomfort 
5 
61 Moderate discomfort 
7 
8 Extreme discomfort 
9 
101 Unbearable pain 
APPENDIX F: GUT FULLNESS SCALE 
Gut Fullness Scale 
0 ý--- Empty 
II 
2 ý-- Slightly fuII 
3 
4 ý--. Fairly full 
5 
6 ý-- Moderately full 
7 
8 ý-- Uncomfortably full 
9 
101 Bloated 
APPENDIX G: BLOOD GLUCOSE ASSAY 
Test principle: 
GOD 
Glucose + 02 + H2O Gluconate + H202 
(Werner et al. 1970) 
Preparation and procedures: 
1. Take standard GOD (Glucose oxidase) and samples out of the fridge and freezer 
respectively. Allow to defrost at room temperature for 30 minutes or alternatively use a 
water bath for 10 minutes. 
2. Make up analogue standards for use in the Cobas Bio model B46 machine. 
Analogue =8 mmol therefore to make a4 mmol standard need to add 0.75 µl of 
analogue to 0.75µl of distilled water. To act as a control mix l000µ1 of distilled water. 
3. Make up reaction mixture using the Roche GLUC GDH Ultimate 7 (10 x 100 ml 
kit). 
4. Place standards (5 mmol. 1-1) and reactant mixture into Cobas machine and prime. 
Use Glucose PCA program. 
5. Run standards on their own first to check. Place rotor in machine with no 
eppendorfs. The machine primes itself and gives a readout of the standard run. The 
control standard is used in each run of the samples. Samples may be run as soon as the 
readings emitted from the machine are close to 100% reliable. 
6. Pipette 20 . il of sample into eppendorfs and place in a cuvette. Note the number on 
the cuvette for each sample. the samples were run in duplicate. Cobas Bio machine runs 
through the samples and provides a reading for the glucose concentration (mmol. l-l). 
This is based upon the following formula: 
Concentration (C) = 5.55 xA sample (mmol. 1-1) 
A standard 
APPENDIX H: BLOOD LACTIC ACID ASSAY 
Test Principle: 
This method is based upon that of (Maughan, 1982). It is dependent upon the release of 
NADH during the following reaction: 
NAD NADH 
LACTATE º PYRUVATE 
LDH 
Preparation and procedures: 
1. Standards need to be made up in the following method: 
Concentration Perchioric acid (ml) + Lactate standard (µ1) 
(mmol) 
0.5 9.995 + 5 
2.0 9.98 + 20 
5.0 9.95 + 50 
10.0 9.9 + 100 
15.0 10.0 + 150 
Add above and whirlimix. To make up working standards use 1.5 µl eppendorfs and 
mix 120 µl of each stock standard to 1200 µ1 of Perchloric acid. N. B. Samples are 
made up of 20 µl of sample to 200 µl of Perchloric acid. 
2. Make up a L-Lactat(e) standard 125440 10ml, 1,0 molll Boehringer Manheim 
SIGMA diagnostics metabolite control [assigned range 1.9 - 2.8 mmol. l-1]. 
3. Take stored standards and samples out of the freezer and allow to defrost to room 
temperature prior to assay. Alternatively use a water bath for 10 minutes. 
4. Number fluorimeter tubes: 4x blanks, 3x standard 1,3 x S2,3 x S3,3 x S4,3 x 
S5 and 2 for each sample and 2 for each sample duplicate. 
5. Whirlimix samples and centrifuge for 3 minutes to separate sample into supernatant 
and cell debris. 
6. Make up the reaction mixture: 
200 µl (0.2 ml) reaction mix per glass tube of hydrazine buffer. 
Add up the number of tubes required and add on 5 ml for the Hamilton to prime 
machine. 
Hydrazine buffer: 200 µl x no. of tubes +5 ml = Yml (Pipette) 
NAD: 2mg xY=P mg (measure out) 
LDH: 10 tl xY=Q µl (Pipette) 
Mix the above well [Y ml +P mg +Q µl] to make the reaction mixture. 
7. Set up Hamilton pipetting machine. Run, method, CE, Press 7 (program for 
aspiration of 20 µl of sample plus 200 µl of reaction mixture and dispenses into 
fluorimeter tube). Press start on the pipette button. Install micro valve. Install syringe 
250 µl. Install syringe B (50 µl). Start zero set. Prime machine with reaction mixture 
making sure no bubbles are apparent and that the mixture has completely flushed 
through the apparatus. 
8. Aspirate 20 µl of sample and add 200 . tl of reaction mixture and dispense into 
fluorimeter tubes using the above machine. 
9. Mix contents of every tube on whirlimix. 
10. Cover with paper and incubate for 30 minutes. SWITCH ON LOCARTE FLUORIMETER. 
11. Set the Hamilton machine for the lactate diluent. The syringe is changed to a 2.5 
ml in order to dispense 1000 µl of diluent into each fluorimeter tube. Prime machine 
with diluent. To stop the reaction add 1 ml lactate diluent (0.07M HCL). Dispense 1 ml 
of diluent into each tube and whirlimix all tubes. 
12. Calibrate fluorimeter by setting the range : blank at c. 0 and highest standard at c. 
160. Set highest standard first then blank and then work through the standards prior to 
reading the samples. Highest reading is taken for the samples. 
13. Enter standard data into a Apple Macintosh Computer (Cricket Graph program) 
and plot a graph for lactate standards with the known standards on the x axis and the 
lactate concentration on the Y axis. Use the regression equation to calculate the lactate 
concentration. 
N. B. Sample assays were not undertaken until the 'r' of the regression equation for 
the standards was >: 0.999. The control was run throughout and was checked to be 
within its range. Furthermore all assay runs had to land on the same regression line. 
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APPENDIX J: 
MEAN TEST RE-TEST SCORES AND RELIABILITY ESTIMATES FOR 
THE GROUNDSTROKES AND SERVICE SKILL TESTS (± S. E. M. ) 
VARIABLES TEST RE-TEST RELIABILITY 
SCORES SCORES ESTIMATE 
XCFHC Mean 6 5 0.3 
± S. E. 0 1 
XCFHA Mean 1 1 0.4 
± S. E. 0 0 
XCFHO Mean 3 4 0.4 
± S. E. 1 1 
DLFHC Mean 5 6 0.3 
± S. E. 1 1 
DLFHA Mean 2 1 0.4 
± S. E. 1 0 
DLFHO Mean 4 4 0.6 
± S. E. 0 0 
XCBHC Mean 6 5 0.6 
± S. E. 1 0 
XCBHA Mean 1 1 - 0.5 
± S. E. 0 0 
XCBHO Mean 4 3 0.8 
± S. E. I I 
DLBHC Mean 5 6 0.3 
± S. E. 1 0 
DLBHA Mean 1 1 0.9 
± S. E. 0 0 
DLBHO Mean 4 4 0.7 
± S. E. 1 1 
SRC Mean 5 5 0.5 
± S. E. 0 1 
SRA Mean 2 2 0.5 
± S. E. 0 0 
SRO Mean 3 3 0.6 
± S. E. 0 1 
SLC Mean 5 4 0.7 
± S. E. 1 1 
SLA Mean 2 2 0.7 
± S. E. 0 0 
SLO Mean 3 3 0.7 
± S. E. 1 1 
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APPENDIX L: 
VALIDITY OF THE TENNIS TESTS 
KENDALL'S RANK ORDER CORRELATION COEFFICIENTS 
SKILL 
TEST 
N SCORE TAU Z TAU 
(corrected 
for ties) 
Z 
(corrected 
for ties) 
Number of tied groups 
xy 
SRC 10 18 0.4 1.6 0.5 1.8 1 4 
SRA 10 -8 -0.2 -0.7 -0.2 -0.9 1 3 
SRO 10 11 0.3 1.0 0.3 1.1 1 2 
SLC 10 7 0.2 0.6 0.2 0.7 1 3 
SLA 10 8 0.2 0.7 0.2 0.8 1 3 
SLO 10 18 0.4 1.6 0.4 1.8 1 3 
XCFHC 10 -6 -0.1 -0.5 -0.2 -0.6 0 2 
XCFHA 10 -11 -0.3 -1.0 -0.3 -1.1 0 3 
XCFHO 10 -12 -0.3 -1.1 -0.3 -1.2 0 3 
DLFHC 10 -25 -0.6 -2.2 -0.6 -2.5 0 3 
DLFHA 10 5 0.1 0.5 0.2 0.6 0 2 
DLFHO 10 -1 -0.02 -0.1 0.02 -0.1 0 3 
XCBHC 10 4 0.1 0.4 0.1 0.4 0 2 
XCBHA 10 -2 -0.5 -0.2 -0.1 -0.2 0 3 
XCBHO 10 4 0.1 0.4 0.1 0.4 0 3 
DLBHC 10 -4 -0.1 -0.4 -0.1 -0.4 0 2 
DLBHA 10 15 0.3 1.3 0.4 1.7 0 2 
DLBHO 10 10 0.2 0.9 0.2 1.0 0 3 
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APPENDIX N: 
MATCH CHARACTERISTICS FOR SEVEN MATCHES PLAYED ON A 
HARD COURT SURFACE (REBOUND ACE'r , DECOTURFT"') 
Variable Mean ± S. E. 
Rally length (s) 2.9 ± 0.1 
Range 0.3-24.0 
Recovery between points (s) 19.4 ± 0.3 
Range 5.0 - 49.6 
Recovery between games (s) 81.1 ± 4.7 
Range 24.7 - 196.5 
Game length (s) 191.4 ± 8.5 
Range 62.7 - 516.3 
Match length (min) 67.7 ± 21.3 
Range 95.5 - 326.0 
APPENDIX 0: PILOT STUDY TO DETERMINE BODY MASS 
CHANGES AND FLUID LOSS IN TENNIS COMPETITION. 
INTRODUCTION 
Significant reductions in body mass and reflected fluid losses have been observed 
when subjects played tennis to exhaustion in study 1, (mean time to exhaustion 35.4 ± 
4.6 min), with a decline in body mass of 1.0 ± 0.1kg (mean ± S. E. M. ), equating to a 
mean decrease in body mass of -1.5%. Body mass declined over the two trials in study 
2, by -1.0 ± 0.2 kg (trial 1) and by -1.5 ± 0.2 kg (trial 2) (mean ± S. E. M. ). These 
declines equated to a mean decrease in body mass of -1.6 ± 0.2% and -2.1± 0.3% in 
trials I and 2 respectively. In studies 1 and 2, the volume of fluid ingested was 2ml. kg- 
IBM (total fluid intake 0.4 ± 0.21). 
The focus of the present pilot study was to assess the body mass losses and the 
resultant fluid losses incurred when playing 'actual tennis matchplay', so that the 
sufficiency of fluid administered in the studies 1 and 2 may be reviewed, prior to the 
development of a protocol for study 3. 
METHODOLOGY 
Twenty (14 male and 6 female) junior county standard tennis players aged between 12- 
14 years volunteered to be subjects whilst participating in Junior County knockout 
tournament matches. Play was on an outdoor hard court surface (En-Tout-Cas ') 
similar to the testing surface to be used in study 3. 
Subjects' body mass (kg) was recorded pre- and post-match (Seca digital scales). All 
weight measurements were taken with the subjects stripped down to their underwear. 
All players towelled down post-match prior to the weight measurement. 
The fluid intake (ml) of each subject was monitored throughout the match. Subjects 
could drink ad libitum. The pre-match mass was adjusted to the fluid intake. Each 
match length was recorded to the nearest minute. Dry and wet bulb temperature (°C) 
and relative humidity (%) were noted for each match. 
RESULTS 
Environmental conditions, pre- and post-mass, body mass loss, fluid intake and match 
length recorded during a Junior County tournament. 
VARIABLE 
Pre-competition mass (kg) 53.6 ± 3.9 
Pre-competition mass (kg) 54.7 ± 3.9 
(fluid adjusted) 
Post-competition mass (kg) 53.4 ± 3.8 
Fluid intake (ml) 1088.5 ± 95.3 
Mass change (kg) -1.3 ± 0.1 
Mass change (%) -2.3 ± 0.2 
Dry temperature (°C) 27.8 ± 0.5 
Relative humidity (%) 43.2 ± 3.1 
Match length (min) 86.3 ± 6.5 
(n= 14 male, 6 female) 
Values are mean ± S. E. M. 
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DISCUSSION OF RESULTS 
Similar declines in body mass were observed in both the present pilot study and studies 
1 and 2. These net losses in body mass reflected fluid loss despite the ingestion of 
400m1 in studies 1 and 2 and 1089 ml in the present pilot study. Thus it would seem 
necessary to increase the fluid administered in study 3 in order to try and offset such 
losses. 
APPENDIX P 
NON-PARAMETRIC STATISTICAL ANALYSIS OF SKILL DATA: 
1) SERVICE TO THE RIGHT COURT ACCURACY (STUDY 1): 
WILCOXEN MATCHED-PAIRS SIGNED-RANKS TEST 
SRA-PRE SRA-POST 
3 3 
1 2 
2 1 
3 4 
2 0 
2 2 
0 0 
1 2 
1 3 
3 2 
5 3 
2 0 
4 2 
2 1 
2 1 
2 1 
1 0 
6 1 
Results table: Comparison of SRA Pre- v post-PT 
Number Sum ranks Mean rank 
ranks I1 93 8.455 
+ ranks 4 27 6.75 
Z= -1.874 Z corrected for ties = -1.93 
#tied groups =2 
P<0.03 (one tailed) 
P<0.01 (two tailed) Thus the results above agree with the parametric results. 
2) ACCURACY THROUGHOUT PT (STUDY 1): 
WILCOXEN MATCHED-PAIRS SIGNED-RANKS TEST: 
Bout 1 1/4PT 1/2PT 3/4PT Exhaustion 
10.0 2.5 7.5 10.0 0.0 
10.0 9.0 12.5 10.0 11.0 
5.0 10.0 0.0 5.0 0.0 
10.0 3.8 12.0 5.0 0.0 
5.0 3.8 2.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
5.0 0.0 0.0 0.0 0.0 
5.0 5.0 5.0 0.0 0.0 
5.0 0.0 0.0 0.0 0.0 
10.0 3.8 7.5 0.0 0.0 
15.0 5.0 5.0 0.0 9.0 
10.0 5.0 0.0 0.0 0.0 
5.0 0.0 5.0 5.0 0.0 
0.0 2.5 0.0 5.0 1.0 
0.0 0.0 6.0 0.0 7.0 
5.0 3.0 10.0 5.0 5.0 
5.0 7.5 10.0 5.0 0.0 
Results table: Comparison of Accuracy start PT v 3/4PT 
Number Sum ranks Mean rank 
- ranks 1 3.5 3.5 
+ ranks 8 41.5 5.188 
Z= -2.251 
Z corrected for ties = -2.326 
#tied groups =2 
P<0.0099 (one tailed) 
P<0.01 (two tailed) Thus the results above agree with the parametric results. 
Results table: Comparison of Accuracy start PT v exhaustion 
Number Sum ranks Mean rank 
- ranks 3 14 4.667 
+ ranks 12 106 8.833 
Z= -2.613 
Z corrected for ties = -2.649 
#tied groups =3 
P<0.004 (one tailed) 
P<0.008 (two tailed) Thus the results above agree with the parametric results. 
